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Abstract
The growth and retreat of Antarctic sea ice is one of the world’s most significant largescale annual changes, resulting in a highly fluctuating, dynamic environment. Organisms are
subjected to large annual and diurnal fluctuations in seawater properties. Variations in salinity
are known to have a prominent effect on the growth of marine phytoplankton that is an important
food source for higher order organisms. Contamination is present in the Antarctic marine
environment from past anthropogenic activities. Metal contaminants have different speciation
schemes in seawater and are known to have toxic effects on phytoplankton, with unknown
consequences at the population scale.
Phaeocystis antarctica, a marine, unicellular, eukaryotic Prymnesiophyte, was chosen for
this study to apply a 10-d laboratory toxicity bioassay to investigate the effect of Cu, Cd, Pb, Zn
and Ni in single metal and metal mixture exposures at varying salinities. Flow cytometry was
used successfully to determine the growth rate inhibition due to the presence of metals. Analyses
of cellular parameters, including chlorophyll a fluorescence, cell size, internal granularity, and
membrane permeability were also performed using flow cytometry.
Lead and cadmium caused greater growth rate inhibition to Phaeocystis antarctica with
decreasing salinity. Metal mixture exposures containing Cu, Cd, Pb, Zn and Ni were less toxic at
lower salinities than single metal treatments of Cd and Pb at the same salinity and concentration.
Findings in this study concur with previous studies which showed that single metal toxicity is
not predictive of metal mixture toxicity. Further investigation into the toxic modes of action at
the intracellular level is required to determine where the metals singly and in metal mixtures are
exerting their toxicity and the extent to which it occurs in P. antarctica. The findings of this
study can be used to inform environmental risk management for contaminated site remediation,
and to identify risks under future climate change scenarios.
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Abbreviations
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Australian Antarctic Division

ANZECC

Australian and New Zealand Environment and Conservation Council

ARMCANZ Agriculture and Resource Management Council of Australia and New Zealand
CSIRO

Commonwealth Scientific and Industrial Research Organisation

FLB1

Fluorescence collected on a flow cytometer in detector 1 (green fluorescence 527
± 16 nm)

FLB3

Fluorescence collected on a flow cytometer in detector 3 (red fluorescence 700 ±
27 nm)

FSC

Forward angle light scatter on a flow cytometer

ECx

Effect concentration (concentration to cause an x% inhibition in the biological
response measured)

ICP-AES

Inductively coupled plasma - atomic emission spectroscopy

PSII

Photosystem II

SD

Standard deviation

SSC

Side angle light scatter on a flow cytometer
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1. Introduction
1.1. Sources of trace metal contaminants
Many trace metals found in the biosphere are essential to living organisms. For example
calcium, potassium, magnesium and sodium are vital for the structure and ionic composition of
amino acids and nucleic acids (Walker et al. 2006; Mason 2013). Equally as important are trace
metals such as Fe, Cu, Zn, Mn, Ni, Mb, and Co, many of which are found in enzymes, proteins
and other biochemicals (Ure and Davidson, 2002; Walker et al. 2006; Mason 2013). However, at
concentrations that exceed those required for a healthy metabolism, trace metals can be toxic to
organisms. Firstly, they have a tendency to form covalent bonds (the sharing of electrons
between atoms). This means they can bind to both important cellular macromolecules such as
proteins, and to organic groups to form lipophilic molecules, such as tetralkyl lead and methyl
mercury salts, that can be highly toxic to organisms (Walker et al. 2006). Secondly, trace metals
are non-biodegradable, meaning that they are perpetually cycled in the environment, and
exposure to organisms can result in bioaccumulation that can last many generations (Walker et
al. 2006; Mason 2013).
Routes by which trace metals enter the ecosystem are a consequence of natural emissions
and anthropogenic activity (Figure 1.1). Natural processes of chemical release include long-term
events such as the weathering of rocks and short-term events such as volcanic emissions, surface
erosion and hydrothermal venting (Chapman and Wang, 2000; Walker et al. 2013; Mason 2013).
In a pre-industrial age, natural emissions were the major source of metals entering the
environment; however the vast expansion of human activities such as mining and smelting, and
the improper disposal of metal-contaminated waste has greatly intensified the input of metals
into the biosphere (Mason 2013).
Once metals are mobilised in the environment, they can be transported by various means
into the atmosphere, the terrestrial environment, freshwater ecosystems, and the oceans. Metals
are typically transported to the ocean via three main routes: (1) as suspended particles in rivers;
(2) aerosol deposition from the atmosphere; and (3) hydrothermal venting (Jickels 1995; Mason
2013). The abundance of trace metals in the Earth’s crust, their strong partitioning to inorganic
and organic solids, and their high insolubility in the oxidised form are the main reasons that
metal transport predominantly occurs in the particulate phase. The cycling of metals within the
aquatic environments is therefore a function of terrestrial and atmospheric fluxes,
15

Figure 1.1. Natural and anthropogenic sources of metals deposited into the environment (Foster
and Charlesworth, 1996).

with rainfall, groundwater movement and surface runoff carrying trace metals to the ocean, and
evaporation and evapo-transpiration returning moisture back to the atmosphere.

1.2. The classification of seawater
The physical characteristics and chemical composition of seawater is relatively stable.
However, regional variations in salinity, total dissolved solids and concentrations of trace metals
in oceans occur due to oceanic mixing, groundwater up-welling, evaporation and natural and
anthropogenic inputs. The temperature of seawater typically ranges between -2 to +30 ºC
(NASA Earth Observatory, 2016). The lower limit is determined by the formation of ice, while
the upper limit is determined by heat exchange with the atmosphere. The temperature at which
maximal freshwater density occurs is 3.98 ºC; however, the temperature at which maximal
density of seawater occurs decreases as the salinity increases (Hanrahan, 2012). In water
temperatures below 3.98 ºC, the less dense, warmer water sinks below the denser, colder water,
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resulting in stratification that increases the exchange of gases at the ocean-atmosphere interface
(Stumm and Morgan, 1996; Hanrahan, 2012).
According to the Venice System (2003), salinity-based classification of seawater is
separated into six categories based on the mass of salt ions per kilogram of seawater (g kg-1;
ppt): limnetic (<0.5 ppt); oligohaline (0.5-5 ppt); mesohaline (5-18 ppt); polyhaline (18-30 ppt);
euhaline (30-40 ppt); and hyperhaline (>40 ppt). While the Venice System has been used
extensively world-wide, the main limitation is that the mean salinity values are temporally static,
with no consideration given to poikilohaline environments of high diurnal, seasonal, and/or
annual salinity variation (Dahl 1956, den Hartog, 1974; Bulger et al. 1993, Taupp and Wetzel,
2014). Poikilohaline waters cover the range from almost pure fresh water to concentrated brine
(Dahl 1956). Salinity zonation is therefore complex in areas of high rainfall (tropics) or seasonal
ice melt (polar). Furthermore, the composition of trace elements in seawater are controlled by
two complementary factors: the chemical equilibria between seawater and oceanic sediments;
and the active rate of supply of individual components to biological cycles (Stumm and Morgan,
1996). For the purposes of this thesis, poikilohaline is a qualitative term describing the temporal
variability in seawater salinity, whereas mesohaline, polyhaline, euhaline and hyperhaline are
quantitative terms applied across different temporal stages. Generally however, the term
‘seawater’ will be used synonymously with euhaline water, as the salinity in the vast majority of
seawater globally is between 33 and 37 ppt (Stumm and Morgan, 1996). The standard seawater
used in literature has a pH of 8.1 and a salinity of 35 ppt (Sadiq 1992; Millero et al. 2008).

1.3. Metal speciation in seawater
The distribution, mobility, biological availability and toxicity of metals are dependent on the
metal’s speciation (Ure and Davidson, 2002). The species of metals found in the environment
determine the physical and chemical associations they undergo in natural systems (Ure and
Davidson, 2002). Physical speciation is an element’s distribution amongst operationally-defined
phases: metals that can pass through a 0.45 µm membrane are classified as total dissolved; the
fraction retained by the filter is particulate; and metals that fall between 0.025 and 0.45 µm are
classified as colloidal (IUPAC 2000, Ure and Davidson, 2002; Batley et al. 2004). Chemical
speciation refers to the oxidation state of the metal (oxidised, reduced, elemental) and whether it
exists as a complex or as a free ion.
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Metal ions exist in the aquatic environment as hydrated ions (such as Fe(H2O)63+), as
inorganic complexes (such as Ni(OH)2 and CdCl2), as organic complexes with molecules such as
fulvic and humic acids, and as colloidal particulate matter and sediments (Sunda and Huntsman,
1998; vanLoon and Duffy, 2005). Inorganic ligands that complex metals vary depending on
whether the environment is oxic (oxidising) or anoxic (reducing) and includes ligands such as
carbonate, hydroxide, sulphate and chloride ions (Table 1.1) (Byrne et al. 1988; Stumm and
Morgan, 1996; Ure and Davidson, 2002).
Seawater has high concentrations of inorganic salts, such as sodium chloride which
contribute to the dissolved fraction, while clays, diagenic calcium carbonate, detrital organic
matter, and oxides and hydroxides of aluminium, iron and manganese account for the particulate
fraction (Sadiq 1992, Byrne 2002; vanLoon and Duffy, 2005). Inorganic complexation in
seawater has little variability due to its stable salinity and pH (Sunda and Huntsman 1998);
however, complexation schemes of metal species in seawater have shown that: 1) chloride
complexation predominantly occurs with Cd2+, Zn2+, Ni2+; and 2) carbonate complexation occurs
with Cu2+ and Pb2+ (Byrne et al. 1988; Stumm and Morgan, 1996; Byrne, 2002) (Table 1.2).
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Table 1.1. The principal aquatic species of metal ions in freshwaters, unless denoted by ‘sw’
(seawater), indicating the ions major speciation form in seawater at pH 8.0 (Zirino and
Yamamoto, 1972; vanLoon and Duffy, 2005; Berber-Mendoza et al. 2006).
pH 4
Oxidising
Reducing
environment environment
Copper

2+

Cu

Cadmium
Cd

Lead

2+

Pb2+
PbSO4

Zinc

Pb2+

2+

Zn

Nickel

Ni2+
NiSO4

Ni2+

Iron

FeOH2+
Fe(OH)2+

Fe2+

pH 7
Oxidising
Reducing
environment
environment

pH 10
Oxidising
Reducing
environment environment

Cu2+
CuOH+
CuHCO3+
CuCl+ (sw)

Cu(OH)2
Cu(CO3)22-

Cd2+
CdCl2 (sw)
CdCl+ (sw)
CdCl3- (sw)

Cd2+

Cd(OH)+
Cd(OH)2
Cd(OH)3-

Pb2+
PbOH+
PbCO3 (sw)
PbCl+ (sw),
PbSO4 (sw)

Pb2+
PbOH+
PbHCO3+
PbCl+ (sw)

Pb(OH)2
PbCO3
Pb(CO3)22-

Zn2+
Zn(OH)2
ZnCl+ (sw)
Ni2+ (sw)
NiHCO3+
NiCl+ (sw)
NiCO3 (sw)
Fe(OH)3
Fe2+
2+
Fe (sw)
FeCO3

Zn(OH)2
NiOH+
Ni(OH)2
NiCO3
Fe(OH)4-

FeOH+
Fe(OH)2

Table 1.2. Inorganic speciation of selected metal ions in freshwater (<0.5 ppt) and seawater (~35
ppt). Adapted from Zirino and Yamamoto, 1972; Coale and Bruland, 1990; Byrne, 2002;
vanLoon and Duffy, 2005.
Freshwater

Seawater

Copper

Cu2+, CuOH+, CuHCO3+

Copper

Cu/CuOH+, Cu/CuCO30

Cadmium

Cd2+

Cadmium

CdCl2 CdCl+, CdCl3-

Lead

Pb2+, PbOH+, PbHCO3+

Lead

PbCl+, PbSO40, PbCO3

Zinc

Zn2+, Zn(OH)20

Zinc

Zn2+, ZnCl+

Nickel

Ni2+, NiHCO3+

Nickel

Ni2+, NiCl+, NiCO3
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1.4. Environmental factors influencing metal speciation and toxicity
1.4.1. Biotic factors
Human activities have caused a detrimental impact on aquatic ecosystems over time, with
the release of chemicals and terrestrial disturbances requiring significant monitoring to inform
regulatory decisions as to the best practices of minimising environmental damage. One aspect of
the environmental impact assessment process is modelling to predict the form that metal
contaminants will occur in and the likelihood of toxic effects on biota. Models vary in
complexity and depth: empirical models are simple but limited to historical data and patterns and
relationships observed in nature; process-based models are multifactorial, can be analysed
spatially and temporally but can be overly complicated; conceptual models uses a combination
of the former two models to utilise causal relationships, feedback loops and decision rules that
can simplify the structure and behaviour of complex systems (Kelly et al. 2013).
One of the most influential conceptual models to be developed to understand the interactions
of trace metals with aquatic biota is Morel’s (1983) Free Ion Activity Model (FIAM). The FIAM
predicts that the free ion (Mz+) will be the most bioavailable and therefore the most toxic form of
the metal (Campbell 1995). Further, the biological response of an aquatic organism to a metal is
proportional to the activity of the free-ion in aquatic solution (Parent and Twiss, 1996). The
model works well in many cases (Sunda 1991; Slaveykova and Wilkinson, 2002; Kola and
Wilkinson, 2005), but it may not accurately predict toxicity when one or more of the following
assumptions are considered (Campbell 1995; Hassler and Wilkinson, 2003; Kola et al. 2004;
Batley et al. 2004):
● Uptake of metals across the cell membrane is faster than the biological response
● Species other than free ions bind to receptor sites and are transported into the cell
● Metals enter the cell by passive diffusion (lipid-soluble metal species)

The Biotic Ligand Model (BLM) examines the interaction of metal species with biotic
ligands at the cellular surface. However, it assumes that the metal does not alter or influence the
biotic ligand itself. While current BLMs focus on surface-bound metal effects and predicting
toxicological responses, it is limited to acute toxicity exposures (rather than chronic exposures)
and only in high concentrations, often near the maximum water quality guideline values (Di
Toro et al. 2001; Batley et al. 2004; Levy et al. 2007). An important feature in the BLM is that
20

Figure 1.2. Schematic diagram of the biotic ligand model (BLM). Dissolved metals (M2+) exist
in the aquatic environment partially as a free metal ion, but mostly as non-bioavailable metal
complexes with organic matter (DOC) and inorganic ligands (OH+, HCO3+, and Cl+, for
example). Taken from Di Toro et al. (2001).
the free-metal ion competes for binding sites with other cations, such as Ca2+, Na+, and H+
(Figure 1.2) (Di Toro et al. 2001). Therefore, the concentration of these ions in solution and their
strength of binding to the biotic ligand (i.e. cell surface) can mitigate toxicity (Magalhaes et al.
2015).
1.4.2. Abiotic factors
Metal speciation is dependent on a range of variables including the properties of the metal,
the nature and availability of ligands, and the physical and chemical properties of the solution.
The pH and salinity of seawater are two of the main factors controlling metal speciation, along
with dissolved organic matter and redox conditions (Sadiq 1992; vanLoon and Duffy, 2005).
Metals are also complexed by a wide range of dissolved organic compounds, thereby reducing
their availability to inorganic species and presence as aquo-complexes.
pH
Metal speciation in seawater is strongly correlated with pH (Millero et al. 2009). The pH
controls the amount of available ligands for metal binding, as well as the degree of precipitation
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and hydrolysis in marine water (Smith et al. 2015). The pH buffering capacity of seawater is
controlled by hydrogen ion exchange reactions; principally H2CO3/HCO3-/CO32- (Byrne 2002).
As H+ forms weak ionic pairs in seawater, any changes to the free H+ concentration can alter the
amount of bicarbonate, HCO3-, the total inorganic carbon content, and therefore the pH of
seawater. As pH decreases, the solubility of metal ions in solution generally increases (Riba et
al. 2003; Byrne 1988).
Changes in pH can influence the amount of available ligands on organic and inorganic
matter for metal binding. For example, carboxylic- and phenolic functional groups on organic
matter exhibit acid-base behaviour (Livens, 1991; Christensen and Christensen, 2000). The
binding affinity and availability of negatively charged sites on particles for metal ions decreases
due to increased competition with H+ ions (Crist et al. 1988, Wilde et al. 2006, Millero et al.
2009). Consequently, greater metal solubility increases the availability of metals to
phytoplankton. However, an increase in pH may reduce the number of metal-H+ interactions in
solution, making metals more bioavailable to organisms, and increasing their toxicity
(Schubauer-Berigan et al. 1993; Wilde et al. 2006). Electrostatic attraction, with respect to metal
complexation and particle charge, varies considerably with pH (Hanrahan 2012). Oxides acquire
positively charged groups at low pH, facilitating stronger adsorption reactions with anions. The
reverse holds true at high pH: humic substances and oxides typically gain more negative
charges, attracting cations (Hanrahan 2012). This accounts for the strong binding affinity of
metals for organic material in seawater. Organic metal complexation is discussed further in
‘Dissolved organic matter’.
Salinity
The main source of metal contaminants to marine environments is freshwater discharges
from terrestrial environments (Knezovich 1994; Mason 2013). The metals contained within these
discharges are usually adsorbed to dissolved ligands and organic particles. Anions found in these
more alkaline waters (such as Cl-, HCO3-, and SO42-) compete for metal binding, enhancing
metal desorption from organic ligands and forming dissolved complexes (Knezovich 1994).
Metals associated with humic material have been shown to dissociate in the presence of higher
salinity waters (Lores and Pennock, 1998). The aquatic species of selected metals in freshwater
compared to seawater is shown in Table 1.2.
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Salinity’s effect on metal speciation is influenced by two main factors. Firstly, chloride,
sulphate, and carbonate ions may be readily bound and complexed to metals, such as Cd2+, Pb2+
and Ni2+ (Ansari et al. 2004, Magalhaes et al. 2015). This reduces the availability of free metal
ions to adsorb onto organic particles. Secondly, free metal ions must compete with other cations
present in seawater, such as sodium, potassium, calcium, and magnesium ions, for binding sites
on organic matter (Ahlf et al. 1986; Riba et al. 2004). Generally, high salinity waters reduce the
concentration of free ionic metals due to the increased presence of complexing anions (Leonard
et al. 2011). For example metals may be precipitated as insoluble metal carbonates, hydroxides,
or phosphates. Therefore, the ability of a metal ion to bind to biological ligands may be
dependent on the concentration of other salts present in the solution.
Temperature
Temperature affects the rate of biological and chemical reactions in the environment
(Luoma, 1983). The extent to which free metal ions are temperature-dependent in seawater are
determined by whether they are predominantly hydrolyzed (very strongly temperaturedependent), or complexed by chloride or carbonate ions (moderately temperature-dependent)
(Byrne et al. 1988). For example, Cu2+, Cd2+, and Fe3+ are dominated by carbonate
complexation, chloride complexation and hydrolyzation, respectively. The percentage of free
ions in seawater at 5 ºC compared to 25 ºC is two times greater for Cu2+, 0.1 times lower for
Cd2+ and almost 19 times lower for Fe3+ (Byrne et al. 1988). The predominant species for Cu and
Ni in 2ºC seawater are shown in Figure 1.3.
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Figure 1.3. Pourbaix diagrams indicating the distribution of aquatic species of Cu (left), and Ni
(right), in seawater at 2ºC (Glasby and Schulz, 1999).

Dissolved organic matter
Dissolved organic matter (DOM) is operationally defined as the organic matter able to be
passed through a 0.45 µm filter (Nebbioso and Piccolo, 2012). Terrestrially-derived sources of
DOM include the breakdown of plant material, such as leaf litter and roots, and microbial
detritus (vanLoon and Duffy, 2012). These are transported by surface runoff and percolation
through the soil column where they eventually reach rivers, lakes and oceans. The major source
of marine DOM is the decay of phytoplankton, with the oceans being the most abundant pool of
DOM globally (Nebbioso and Piccolo, 2012). DOM, including humic substances (HS) such as
fulvic acids (FA) and humic acids (HA), are strong chelating agents for metals, influencing their
transport, solubility, and toxicity in the aquatic environment (Nebbioso and Piccolo, 2012;
vanLoon and Duffy, 2012). Carboxyl- and phenolic-groups of FA and HA contribute to the
stability of metal-HS complexes in freshwater systems (Yang and van den Berg, 2009). The
stability of these complexes are dependent on the number of binding sites on the HS, the
properties of the metal, and environmental factors such as the pH and the presence of competing
ions (vanLoon and Duffy, 2012). The binding of metals by DOM decreases the concentration of
free metal ions, reducing their availability and toxicity to aquatic organisms.
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Metals such as Zn2+, Pb2+, Cd2+, Ni2+, and to a greater extent Cu2+, have strong
complexation affinities for organic ligands in seawater (Coale and Bruland, 1990; Wells et al.
1998; Byrne 2002). However, numerous studies have found that values of dissolved organicallybound Cu in seawater vary between 3% and 99.9% (Batley and Florence, 1976; Batley and
Gardner, 1978; Sunda and Hanson; 1987; Coale and Bruland, 1988). While this could be partly
attributable to the different techniques of analysis, research into abiotic and biotic factors of Cu2+
complexation has provided reasons for the large differences. For example, while the
complexation of dissolved Cu2+ by terrestrial organic materials, such as HA, was shown to be
around 90% in freshwater, it was only 10% in seawater (Mantoura et al. 1978; Jones and
Thomas, 1988). However, organic ligands produced by marine microorganisms, such as
phytoplankton, have an active role in complexing metals, and so that ≥99% of Cu2+, ~ 98% of
Zn2+ and ~ 80% of Cd2+ in surface water are complexed by organic ligands (Sunda and Hanson
1978; Bruland, 1992; Sunda and Huntsman 1998, Byrne 2002; Bruland and Lohan, 2003).

1.5. Metal toxicity to microalgae
There are a number of trace metals that act as limiting essential nutrients to marine organisms,
such as Mg, Mn, Fe, Zn, Cu, Co and Mo (Sunda and Huntsman 1998). These essential metals are
transported into cells via specialised proteins located on the outer membrane, followed by
internalisation via ion pores, channels or transporters into the cytoplasm (Campbell 1995; Levy
et al. 2008). There are also metals known to be non-essential and toxic to organisms, such as Cd,
Hg, Ag, Pb, Sn, and Cr. In elevated concentrations, essential metals such as Cu, Zn, and Ni can
displace other essential metals from metabolic sites (Sunda and Huntsman, 1992, 1998; Cid et al.
1995; Levy et al. 2008). Therefore, the uptake of toxic and essential metals can be influenced by
their competition for binding across intracellular metabolic sites and membrane protein sites
(Campbell 1995). For instance, Cu and Zn have similar ionic radii and both strongly bind
oxygen- and nitrogen-containing ligands (Martin 1986; Sunda and Huntsman 1998). Therefore,
Cu in excess concentrations may out-compete Zn for cellular uptake (Franklin et al. 2002).
Complexed metal ions are generally accumulated into phytoplankton due to their large size and
reduced binding affinity, however free metal ions and labile inorganic metal species are more
available for uptake (Byrne et al. 1988; Morel and Hudson 1993; Sunda and Huntsman
1998).Overall, metal competition is dependent on the affinity constant, the free metal ion
concentration, reaction kinetics and the presence of specific transport proteins (Stauber and
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Davies 2000). The net result is a biological response of the organism that is proportional to the
specific reactivity of that metal at the cell surface (Morel 1993).
Several studies have examined the metal sensitivities of marine microalgae from tropical
(Florence et al. 1994; Johnson et al. 2007; Levy et al. 2007), temperate (Cid et al. 1995; Adams
and Stauber, 2004; Levy et al. 2007; Debelius et al. 2009) and polar regions (Kapkov et al.,
2011; Gissi et al. 2015). The growth of all the species tested was inhibited by a variety of metals;
however, the extent to which metals were toxic to the algae was dependent on the genus and
species. For example, a 50% inhibition in the population growth rate (EC50) of the temperate
green alga, D. tertiolecta, occurred at 530 μg/L, compared to only 0.6 μg/L for the temperate
diatom, Minutocellus polymorphus (Levy et al. 2007).
Cell size and taxonomic group does not wholly explain interspecies sensitivities to metals,
as a variety of microalgae have evolved biological mechanisms that either actively exclude
metals, or reduce their toxicity (McKnight and Morel, 1979; Worms et al. 2006). For instance,
certain species of microalgae studied by Levy et al. (2007) were found to produce metal-binding
organic exudates, slowing the rate of cellular metal uptake. This function allows the microalgae
to control their internal and external cell environment (Levy et al. 2008). This defence
mechanism has also been studied for the marine coccolithophorid, Emiliania huxleyi, which
produces thiol-rich exudates and amino acids that strongly bind Cd, Cu and Zn, reducing their
toxicity (Dupont et al. 2004, 2005; Leal et al. 2005).
When exposed to a toxicant or stressor, algae can utilise several means of detoxification,
such as altering their membrane permeability to exclude metals; binding or sequestering metals
at non-metabolically active sites; producing cysteine-rich phytochelatins to bind to metals;
upregulating stress proteins and antioxidants, or actively discharging metals (Sunda and
Hunstman 1998; Buchwalter and Cain 2005; Levy et al. 2008). Metal toxicity to microalgae is
therefore dependent on both metal concentration and the physiological response of the organism
(Luoma and Rainbow, 2005). However, abilities to detoxify may be impaired by environmental
conditions. For instance, changes in pH have been found to cause conformational alterations to
surface proteins responsible for regulating metal uptake (Francois et al. 2007). This would
impact the ability of microalgae to control the internal flux of metals, regardless of existing
detoxification mechanisms.

26

1.6. Metal toxicity in polar environments
1.6.1. Seawater properties
The chemistry of seawater in sea-ice ecosystems in polar regions is very different to that of
open ocean ecosystems. During the formation of ice, water expands and excludes air, salt, and
dissolved organic and inorganic matter from the ice matrix (Müller et al. 2013; McMinn et al.
2014). The increased salinity lowers the freezing point of water, resulting in cold, dense,
hypersaline seawater that sinks beneath the surface and is transported in currents to other
locations (Ralph et al. 2005; Moreau et al. 2010; Hofmann et al. 2015). The ice matrix is
semisolid; permeated by channels and pores filled with brine from the excluded salts, and often
enriched in DOM and inorganic ions (Thomas and Dieckmann, 2002; Müller et al. 2013). Brine
channels have important implications for localised pH and salinity levels during the summer
months, as ice melting deposits these hypersaline pockets into the seawater. The influx of
available nutrients to phytoplankton means greater photosynthetic activity and growth rates
(Garrison and Buck, 1991), and the uptake and depletion of dissolved CO2 consequently raises
the pH of the surface water (McMinn et al. 2014). The mean pH of Antarctic waters is about 8.0,
with seasonal variability of 0.4 pH units between summer and winter periods (Hofmann et al.
2015; Schram et al. 2015). The highest pH is normally observed in January, coinciding with the
increase in primary production from phytoplankton and macroalgae (Schoemann et al. 2005;
Smith et al. 2014; Hofman et al. 2015).
1.6.2. The Antarctic environment
Antarctica is the coldest, windiest, driest and most remote place on Earth, making it a
suitable living environment only for the most adapted of organisms. It has a land area greater
than 13.8 million km2, or nearly twice the size of Australia, and 98% of the continent is covered
by ice year round (DOEE, 2011). On average, the maximum sea ice extent covers 18.5 million
km2 in September, and diminishes to its minimum of 3.1 million km2 in February (Parkinson and
Cavalieri, 2012). The growth and retreat of Antarctic sea ice is one of the world’s most
significant large-scale annual changes, resulting in a highly fluctuating, dynamic environment.
Antarctic sea ice is dominated by gradients in temperature, salinity, light and space, and
organisms that reside within and beneath the ice are subjected to large annual and diurnal
fluctuations in seawater properties (Thomas and Dieckmann, 2002). The sea ice formation
during winter makes the Southern Ocean a dense, semi-closed system. For under-ice (epontic)
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communities, the sea ice provides a sanctuary from wind-driven oceanic mixing (Arrigo et al.
2008). The porous, crystalline underside of the ice is thermally stable all year round at -1.8 ºC,
has excellent exposure to nutrients from the water column, and during summer is provided with
constant sunlight (Garrison and Buck, 1991). The biological assemblages within the confined,
hyperoxic brine pockets are subjected to high CO2 concentrations, high DOM concentrations,
low nutrients, and elevated pH values (Thomas and Dieckmann, 2002). The oceanic water
column beneath the ice is highly stratified; resulting in localised nutrient hotspots positioned at
sea ice margins and holes termed polynyas (Arrigo et al. 2010).
1.6.3. Sources of metals in Antarctica
Antarctica is considered to be one of the last pristine environments on Earth; however, there
are contaminated sites and impacts of pollution from past and present anthropogenic activities.
Abandoned stations, waste tips, and sewage outfall from active research stations release a wide
variety of metal and hydrocarbon contaminants into the marine environment (Gröndahl et al.
2009). For example, at Casey Station, one of Australia’s three research stations on the Antarctic
continent (Figure 1.4), considerable quantities of fuel historically leaked from storage tanks into
the surrounding environment, while refuse such as batteries, engine parts, old fuel drums and
waste from scientific laboratories were dumped in a tip site at Thala Valley, adjacent to Brown
Bay, or bulldozed into holes blasted in the ice (Deprez et al. 1999). While contaminated legacy
sites may be static during the winter period, summer ice melting results in metal mobilisation
into coastal environments (Cole et al. 2000; Cunningham et al. 2005). Metals such as Cu, Pb, Zn,
As and Cd were leached from dumped materials (such as batteries, pipes and mechanical
equipment) after prolonged physical and chemical weathering (Cole et. al. 2000).
Several studies over the past 15 years have reported on the concentrations of metals found in
abandoned legacy tips and waste sites. Snape et al. (2001) found that some metal concentrations,
such as Pb and Cu, in Brown Bay were 10-100 times greater than control sites. Duquesne and
Riddle (2002) detected elevated concentrations of Cu, Cd, Ni and Pb in marine sediments close
to Casey Station, and Deprez et al. (1999) found elevated concentrations of Cu (10-13500
mg/kg), Pb (50-489 mg/kg) and Zn (20-8300 mg/kg) in Brown Bay sediments. These values
exceeded the Australian and New Zealand sediment quality guideline (SQG) ‘trigger values’ of
65, 50 and 200 mg/kg for Cu, Pb and Zn, respectively (ANZECC/ARMCANZ, 2000). Metal
concentrations that exceeded background concentrations have also been detected around the
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Figure 1.4. Map of Antarctica and the Southern Ocean outlining (in red) the Australian
Antarctic Territory in East Antarctica. The locations of Australian research stations which are
maintained and operated by the Australian Antarctic Division (AAD) are marked on the map:
Mawson, Davis, Casey, and the subantarctic Macquarie Island. Reproduced from Deprez et al.
(1999).

McMurdo Base (Kennicutt et al. 2010). Elevated concentrations of Sn, Pb, Cu and Fe in
sediments adjacent to Casey Station have been linked to changes in diatom community
composition (Cunningham et al. 2005). However, the response of Antarctic coastal ecosystems
to contamination is still relatively unknown (Stark et al. 2014). Metals are of particular concern
due to their ability to adsorb onto terrestrial and marine particles and bioaccumulate within
tissues of sensitive local fauna and flora.

1.7. Metal toxicity to Antarctic marine microalgae
Metal toxicity to marine organisms depends not only on the specific metal present, but also
species-specific osmoregulatory differences. Generally, as salinity increases, the toxicity of
metals decreases due to the greater inorganic complexation from chloride, carbonate and
sulphate anions (Knezovich 1994; Stumm and Morgan, 1996). Variations in salinity are known
to have a prominent effect on the growth, photosynthetic efficiency, and metabolism of marine
microalgae (Misra et al. 2001). These variations are known to favour the euryhaline algae that
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can tolerate external fluctuations of salinity, therefore influencing final community compositions
(Ryan et al. 2004). A study of Arctic algal species by Søgaard et al. (2011) found that two
diatoms (Fragilariopsis nana and Fragilariopsis sp.) were more tolerant to higher salinities than
the chlorophyte, Chlamydomonas sp., however the latter was more tolerant at higher pH. Bates
and Cota (1986) showed by fluorescence induction that ice algae had a salinity optimum near 30
ppt. Both of the studies by Bates and Cota (1986) and Søgaard et al. (2011) concluded that sea
ice algae have a greater tolerance to reduced, rather than elevated salinities. In contrast, certain
species of diatoms have been observed sustaining high growth rates in seawater between 73 and
100 ppt, and at temperatures between -4 and -6 ºC (Bartsch, 1989; Aletsee and Jahnke, 1992).
The effect of elevated pH on marine microalgae has been shown to be species-specific, with
vast differences in tolerances between groups such as diatoms, chlorophytes and dinoflagellates
(Hansen, 2002; Lundholm et al. 2004; Søderberg and Hansen 2007; Søgaard et al. 2011). Some
species are very sensitive at higher pH and cannot grow at pH greater than 8.8, while other
species still grow at pH greater than 10 (Hansen, 2002; Lundholm et al. 2004). The effect of pH
on sea-ice algae is less understood; however, sea ice areas with high primary productivity have
been observed to have high pH (Gleitz et al. 1995; Thomas et al. 2001), indicating the apparent
tolerance of some sea ice algae, especially diatoms, to elevated pH. However, one species of
diatom studied by Riisgaard et al. (2015) had significantly lower growth rates relative to other
phytoplankton in the community.
Phytoplankton blooms during the spring are vital for maintaining polar ecosystems. They
are central for the fixation and sequestration of carbon dioxide, and they provide a valuable food
source for higher-order organisms (Pabi et al. 2008). Two important populations of
phytoplankton which dominate Antarctic waters are diatoms such as Fragilariopsis cylindrus,
which is commonly found in sea ice and the shallow, mixed ocean layers; and Phaeocystis
antarctica, which thrive mainly in the deeply mixed layers of the Ross Sea but are also found in
low numbers in sea ice polynyas (DiTullio and Smith, 1995; Arrigo et al. 2003, 2010).
This research will focus on the marine microalgae P. antarctica (Figure 1.5). This species is
a eukaryotic, unicellular, colony forming Prymnesiophyte (Tang et al. 2009; Zingone et al.
2011). It is euryhaline and eurythermal, meaning it can adapt well to changes in salinity and
temperature, respectively (Schoemann et al. 2005). It displays a complex polymorphic life cycle
with phase alternation between vegetative non-motile, vegetative flagellate and microzoospore
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Figure 1.5. The Antarctic marine microalga, Phaeocystis antarctica as viewed under a phasecontrast light microscope at 100x magnification.
(Schoemann et al. 2005). It has a thick membrane and is spherical in shape (Zingone et al. 2011),
with a solitary cell size of 3-9 μm in diameter and colonies up to 3 cm wide (Chen et al. 2002).
Phaeocystis sp. colonies are grazed on by protozoa, amphipods, bivalves, copepods, and fish
species (Weisse et al. 1993; Baumann et al. 1994; Marchant & Thomsen, 1994).
While extensive blooms of diatoms are typically found along the coastal regions of Antarctica,
Phaeocystis blooms are commonly found in open ocean areas, such as the Ross and Weddell
Seas (El-Sayed, 1985; Arrigo et al. 2010; Smith et al. 2014). They comprise greater than 95% of
the phytoplankton population in the Ross Sea (Smith and Gordon, 1997; Arrigo et al. 1999),
mainly due to their superior ability to photosynthesize in deeper (40-60 m) waters under reduced
spring light conditions (Kropuenske et al. 2009). Chlorophyll concentrations greater than 15
µg/L have been recorded in Phaeocystis blooms (Smith et al. 2014) while considerable greenbrown discolouration of seawater and light attenuation often accompanies these massive blooms
(El-Sayed, 1985).
An important role of Phaeocystis sp. is regulating the transfer of carbon at the oceanatmosphere interface (Schoemann et al. 2005). Phaeocystis sp. contributes to the formation of
dimethylsulphide (DMS) from dissolved dimethylsulphoniopropionate (Stefels et al. 1995).
DMS can influence the formation of cloud condensation nuclei, and therefore, cloud droplet size,
albedo, and consequently, climate (Stefels and Van Boekel 1993). One study found
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concentrations of DMS in Phaeocystis sp. blooms to be 5-50 nM (Liss et al. 1994), or a factor of
10-100 times the amount of DMS found in open ocean areas, and a total global contribution of 510% (Schoemann et al. 2005). At least 60% of seasonal primary productivity (photosynthesis)
has been attributed to P. antarctica blooms (Smith et al. 2006). Phaeocystis sp. are therefore a
highly relevant organism to test for metal toxicity given its high productivity and abundance, its
potential for regulating climate, and its importance in the food web for copepods, krill and other
zooplankton (Schoemann et al. 2005).

1.8. Laboratory toxicity bioassays
This research will investigate the toxicity of metals to P. antarctica at varying salinities.
Toxicity, in the context of metal contaminants, is defined as the degree to which an organism
exhibits a negative response to that metal over a designated time period (Hodgson et al. 2014).
To evaluate the wider impact of metal toxicity on marine ecosystems, laboratory toxicity tests
are designed to be controllable and reproducible. Toxicity bioassays provide a measure of the
whole response an organism exhibits under controlled laboratory conditions, integrating a range
of different parameters including temperature, pH, bioavailability and antagonism or synergism
(OECD 2011; de Schamphelaere et al. 2014; Hodgson et al. 2014). Toxicity bioassays have been
used to assess the environmental impact of metal contaminants in discharges to marine and
freshwaters (Florence et al. 1994; Rachlin and Visviki, 1994; Stauber et al. 2002; Han and Choi
2005; Levy et al. 2008; Gissi et al. 2015). The results of these experiments can be used to
establish cause-effect relationships between biota and metals, inform environmental practitioners
in undertaking ecological risk assessments, examine the bioavailability of metals in aquatic
environments, and ultimately, allow the derivation of water quality guidelines; which have not
yet been established for Antarctic marine environments (Stauber and Davies 2000; Gissi et al.
2015).
Toxic responses of metals to microalgae are measured using test endpoints such as cell size,
cell shape, and chlorophyll a fluorescence (acute toxicity) and cell division, or growth rate
(chronic toxicity) (Dorsey et al. 1989; Stauber and Davies, 2000; OECD, 2011). Chronic
toxicity, measuring growth rate over 48 to 96 hours, has been shown in several studies to be the
most sensitive and environmentally relevant endpoint for microalgal toxicity testing as several
generations of cell lifecycles can be observed in the one bioassay (Stauber et al., 2002; Franklin
et al., 2005). For polar marine organisms, toxicity bioassays must often be run over several
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weeks as opposed to several days as polar species have slower metabolisms and hence, longer
development times and slower responses at lower temperature waters, than do tropical and
temperate species (King and Riddle, 2001; Chapman and Riddle, 2005; Gissi et al. 2015).
Whereas temperate and tropical species of microalgae generally require 48-96 hours to reach a
16-fold increase in control cell growth under exponentially growing conditions (OECD, 2011) in
chronic algal toxicity tests, the Antarctic algal species P. antarctica and Cryothecomonas
armigera require 10 and 24 days, respectively (Gissi et al. 2015). Toxicity data from temperate
and tropical regions, which has been studied extensively, cannot readily be applied to polar
regions due to vast differences in environmental parameters, species composition and the unique
physiological characteristics of polar marine organisms (Chapman et al., 2006; Gissi et al.,
2015).

1.9. Flow cytometry in ecotoxicology
Flow cytometry is a rapid method for quantitatively measuring individual cells in a moving
fluid (Veldhuis and Kraay, 2000; Hall and Cumming, 2003). A light source is passed through
individual cells, simultaneously collecting information on light scatter and fluorescence
properties (Gala and Giesy, 1990; Hall and Cumming, 2003). Microalgae are well suited for
flow cytometry analysis as they are unicellular and possess the photosynthetic pigment
chlorophyll a that autofluoresces when excited by blue light (Dorsey et al. 1989). It is this
characteristic that allows the flow cytometer to differentiate between living and dead cells, a
factor that was unable to be achieved with standard cell counting instruments such as a
hemocytometer or automatic particle counter (Stauber and Davies 2000). The design of the flow
cytometer means that multiple test endpoints can be gathered, including cell density (growth
rate), cell size, and chlorophyll a fluorescence. The endpoint most commonly measured in
chronic microalgal toxicity bioassays is growth rate. This is because changes in population
growth rate have wider consequences on competition, succession and community structure and
function (Veldhuis and Kray 2000; Stauber and Davies 2000).

1.10. Project aims
While many studies have examined the toxicity of metals to tropical and temperate algae,
very few studies have investigated polar species. The Australian Antarctic Division has
undertaken a project to produce Antarctic-specific water quality guidelines. Given the annual
variability in ocean salinity, it is imperative to gain a better understanding of the combined effect
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of metal contaminants and ice melting (changing salinity) on a relevant ecological species such
as P. antarctica. This is the first study to have examined the combined effect of changing
salinity and metal toxicity to an Antarctic microalga.
This project aims to determine the effect of salinity on metal toxicity (singly and in
mixtures) to P. antarctica. Toxicity was measured as inhibition in population growth using flow
cytometry. Changes in chlorophyll a fluorescence, cell size, internal granularity, and membrane
permeability using Sytox Green, were assessed to gather additional information on modes of
toxicity to P. antarctica. This study focused on the metals Cu, Cd, Pb, Zn, and Ni.
The specific research objectives of the project were to:
1.

Investigate the influence of different salinities on P. antarctica by assessing changes
in growth rate, chlorophyll a fluorescence, cell size, internal granularity, and
membrane permeability using flow cytometry measured over a 10-day period.

2.

Investigate the toxicity of single metals (Cu, Cd, Pb, Zn, and Ni) to P. antarctica at
different salinities

3.

Investigate the toxicity of metal mixtures (Cu, Cd, Pb, Zn, and Ni) to P. antarctica at
different salinities.

34

2. Methods
2.1. General laboratory methods and reagents
Seawater was collected from Cronulla, NSW, Australia in high density polyethylene
(HDPE) containers and immediately filtered through an acid washed (10% v/v, nitric acid) 0.45µm cartridge filter (Sartobran P sterile midicap). The filtered seawater was stored in HDPE
containers in the dark at 2 °C.
Prior to use, all test containers were acid washed (10% v/v, nitric acid) and rinsed with
deionised water (Milli-Q®, Millipore, 18.2 MΩ/cm). Bioassays utilised 250-mL borosilicate
glass Erlenmeyer flasks, coated with a silanising solution (Coatasil), that minimises the
adherence of metals to the inside of the flask. Flasks were thoroughly rinsed with deionised
water, soaked for at least 24 h in 10% v/v nitric acid and rinsed again with deionised water
before use in tests.
Salinity measurements were performed using a YSI salinity and conductivity probe (model
30/10 FT, YSI). All pH measurements were carried out using a Thermo Orion pH meter with
epoxy body Iodine/Iodide probe (meter model 420, probe model ROSS 815600, Thermo
Fischer) that was calibrated daily. Dissolved oxygen (DO) saturation was measured with an
Oximeter (Oxi 330 WTW) that was calibrated immediately before use.
Metal stock solutions were prepared gravimetrically using deionised water, and acidified to
≤0.1% using Tracepur HCl. The very low acid concentration ensured that the addition of metals
to the test solution did not overcome the buffering capacity of the seawater and decrease the pH,
whilst still ensuring the metals remained as free ions in the stock solution. Metal stock solutions
were prepared for copper (36.6 mg/L), cadmium (219 mg/L), lead (1000 mg/L), zinc (9770
mg/L), and nickel (1012 mg/L) using copper (II) chloride salt (A.R grade), cadmium (III)
sulphate octahydrate (Lab reagent), lead chloride (Lab reagent), zinc chloride (ACS reagent),
and nickel chloride hexahydrate (Lab reagent), respectively.

2.2. Microalgae cultures
Phaeocystis antarctica (subclass Prymnesiophyceae, strain number AAD133, solitary cell
phase) was supplied by the Australian Antarctic Division, Kingston, Tasmania. The algae was
maintained in 20-30 mL of culture media in 50-mL Schott bottles, and transferred into new
media every 2 weeks under aseptic/axenic conditions. Screw cap lids on Schott bottles were
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Table 2.1. Culture and toxicity bioassay conditions for the Antarctic marine microalga,
Phaeocystis antarctica (adapted from Gissi et al. 2015).
Culture/toxicity test conditions
Temperature
pH
Culture salinity
Test salinities
Conductivity
Dissolved oxygen
Light intensity, type
Light cycle
Toxicity test parameters
Test type
Test duration
Test chamber
Test solution volume
Age of test organism cultures
Initial cell density
Control/diluent water
Test endpoint
Test acceptability

2 ± 1 °C
8.1 ± 0.2
28 ppt
10, 15, 20, 25, 35, 45, 55, 63, 68 ppt
16-75 mS (for the range of salinities)
106%
60-90 μmol m-2 s-1, cool-white LED
20:4-h light:dark

Static/non-renewal. Flasks swirled manually each
counting day to facilitate gas exchange
10 days
250-mL glass Erlenmeyer flasks, silanised with coatasil
solution, glass lids
70 mL
8-12 days
1-3 x 103 cells/mL
0.45-μm filtered sea water, diluted with deionised water
Inhibition in population growth rate (cell division)
0.2 - 0.5 growth rate in controls, <1 unit change in pH

deliberately left loose to facilitate the exchange of gases to the outer environment. A one-fifth
strength GSe medium (GSe/5, Appendix A) at ~28 ppt was produced (Blackburn et al. 2001) and
cultures were incubated in a temperature-controlled cabinet at 2 ± 1 °C. A light:dark cycle of
20:4-h and light intensity of 60-90 µmol (photons) m-2 s-1 was utilised; the cool white LEDs
broadly representing the light conditions algae would experience during the Antarctic summer
(Table 2.1).

2.3. Flow cytometry
A flow cytometer (BD-FACSVerse, Becton Dickinson Biosciences) was used to
simultaneously measure chlorophyll a fluorescence, cell size and density, and internal cell
granularity in algal cells. Three thermally regulated argon-ion lasers operate at varying
excitation wavelengths and energy: blue (488 nm, 20 mW), red (640 nm, 40 mW), and violet
(405 nm, 40 mW). Information on internal cell complexity was provided by the side angle light
scatter (SSC 15-85°) while information on cell size was provided by the forward angle light
scatter (FSC <15°) (Gala and Giesy, 1990; Stauber et al. 2002; Gissi 2015). The flow cytometer
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Living
Algae

Figure 2.1. Example of gating living Phaeocystis antarctica cells on histogram plots of cell size
(SSC, y-axis) vs. chlorophyll a fluorescence (Red (Chl a), x-axis) on the flow cytometer BD
FACSVerse™ software. Living algae cells inside the circle are isolated from debris or dead algal
cells outside the circle.
relies on three photomultiplier tubes to collect fluorescence, set to measure different
wavelengths of light with fluorescence emission filters (Gala and Giesy, 1990; Franklin et al.
2005). The blue laser provided the excitation for chlorophyll a fluorescence and secondary
pigments. Chlorophyll a fluorescence was detected as red fluorescence (700 ± 27 nm) and was
measured by the FLB3 channel (370V). Secondary pigments were measured by green
fluorescence (527 ± 16 nm) using the FLB1 channel (470V). Voltage settings were adjusted for
each parameter: 320 for SSC, 470 for FLB1, and 370 for FLB3. Dead algal cells and debris were
excluded from the analysis by gating living algae on a plot of SSC vs Red (Chl a) (Figure 2.1). A
high flow rate (60 μL/min) was used for all analyses and all parameters were collected as
logarithmic signals, as per Franklin et al. (2005). Data output was displayed and analysed using
the flow cytometry software, BD FACSuite™.
A representative subsample of cells from each treatment was measured on the flow
cytometer to analyse the cellular density and cellular properties after the metals were added.
Fluorescent beads (BD BioSciences TruCount beads) were added as an internal standard prior to
analysis on the FACSVerse. The signal from the beads was gated (as S1) on a dot plot of SSC vs
FLB3 (red) and subtracted from the fluorescent signal given off by the healthy control cells
(gated as S2). The algal cells gated in S2 were plotted on one-dimensional histogram plots of
cell number vs. FSC (cell size), SSC (side scatter), and FL3 (chlorophyll a fluorescence)
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(Appendix B). Each histogram plot was divided into three distinct regions (R1, R2, R3) to
quantify changes in these cellular parameters based on fluorescence and light scattering
properties. R2 was set to capture at least 95% of healthy control cells. A shift to the right (into
R3) indicated an increase in the parameter; a shift to the left (into R1) indicated a decrease in the
parameter.
Changes in membrane permeability were determined using the fluorescent permeability
stain, Sytox Green (SG) (Molecular Probes, Invitrogen). SG has a high binding affinity to
nucleic acids and does not penetrate living cells (Gaforio et al. 2002). SG can therefore be used
to assess the integrity and permeability of P. antarctica cells after exposure to metals and
varying salinity (Machado and Soares, 2014). At the end of each bioassay (day 10), 25 μL of SG
was added to a 500 μL subsample of each algal treatment to give a final concentration of 0.5 μM
SG. Samples were vortexed and incubated for 5 minutes at 2 °C in the dark. Samples were
analysed on the flow cytometer using the green fluorescence detector. To give a comparison to
cells with high permeability, a negative control at 35 ppt was heated to 60 °C and then incubated
for 5 minutes with 25 μL SG. Heating the cells compromised the cellular integrity in the
negative control and ensured that the wavelength at which the fluorescence was detected
corresponded to that seen in the treatments. The voltage and threshold settings were kept the
same as those given above.

2.4. Algal toxicity testing
Preparation of the microalgae inoculum was performed in accordance with Stauber et al.
(2002). An exponentially growing stock culture (8-12 days) of P. antarctica was centrifuged
four times at 1188 xg for 7 minutes at 2 °C (17 cm radius, Spintron GT-175BR). Between each
centrifugation the supernatant was discarded and the algal pellet was resuspended in filtered
seawater. This rinse procedure ensured that carbohydrates, nutrients and other molecules that
render metals less bioavailable in bioassays and are found in growth media did not underestimate
toxicity (Franklin et al. 2002). The cell density of the concentrated algae inoculum was
determined using the flow cytometer (section 2.3). Test flasks were inoculated with 1-3 x 103
cells/mL and incubated according to the conditions in Table 2.1. Every 2-3 days when the cells
were counted by the flow cytometer, the flasks were swirled (to assist in gas exchange) and
randomised in the cabinet.
Salinity solutions were prepared in bulk in acid-washed 5-L polyethylene containers.
Salinities less than 35 ppt (standard seawater) were prepared by diluting 0.45 μm filtered
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seawater with deionised water to achieve the desired salinity. To create salinity solutions greater
than 35 ppt, 0.45 μm filtered seawater was frozen upside-down in a 5-L polyethylene container,
and the brine collected during the thawing process was diluted to the desired salinity with 0.45
μm filtered standard seawater. The pH of the bulk solution was adjusted to >8.1 five days prior
to the bioassay commencing and re-adjusted the day before. For lower salinities (<35 ppt), 0.1 M
NaOH was used to raise the pH; for higher salinities, 1 M NaOH was used.
To prepare the bioassay solutions, 220 mL of each saline solution was transferred into acidwashed 250 mL polycarbonate containers (Techno Plas). The appropriate volume of working
metal stock solution was added to the containers and the pH adjusted to 8.1 ± 0.2 using dilute
NaOH or HCl. Seventy millilitres of each solution were transferred to 250 mL Erlenmeyer flasks
and supplemented with 1.5 mg NO3-/L (NaNO3, AR grade) and 0.15 mg PO43-/L (KH2PO4, AR
grade). The nutrients ensured the cells maintained exponential growth for the duration of the test
(de Schamphelaere et al. 2014).
Bioassays continued until there was a 16-fold increase in algal growth in the control
treatment. This is the minimum growth required for control growth rate inhibition toxicity
testing for microalgae, based on established OECD (2011) guidelines. Bioassays for P.
antarctica were carried out over a 10-day period, with cell densities in each flask determined
every 2-3 days. For microalgae counts, 500 μL of test solution was subsampled into flow
cytometer tubes on days 0, 2, 4, 7 and 10. The experimental setup for a 10-d toxicity bioassay is
shown in Figure 2.2.
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220 mL of 0.45-µm filtered seawater
transferred into 250 mL polycarbonate
containers

Metals added and pH adjusted to 8.1 ± 0.1

70 mL aliquots from each container added
to 250 mL silanised flasks

70 µL of NO3 and PO4 added to each flask

9-day old algae centrifuged for 7 minutes at
2500RPM.

Flasks cooled to 2 ± 1ºC

Repeated 3 times, and rinsed with seawater
between each repetition.

Algae added to flasks

Number of algal cells in 70 mL seawater
counted on flow cytometer

-

3-

Salinity, conductivity, pH and DO measured

5 mL subsamples taken by 0.45µm syringe
filter for ICP-AES metal analysis

Randomise flasks in polar cabinet at
2 ± 1 °C

Subsample algae and count on flow
cytometer at days 3, 5, 7 and 10

Figure 2.2. The experimental setup for a 10-d toxicity bioassay with the Antarctic marine
microalga, Phaeocystis antarctica.
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A rangefinder was performed with salinities from 10 ppt to 68 ppt (10, 15, 20, 25, 35, 45,
55, 63, 68 ppt) to examine the optimal algal growth rate. The effect of single metal treatments
and metal mixture treatments were investigated with a series of toxicity bioassays. Each toxicity
bioassay consisted of five salinities (15, 25, 35, 45, and 55 ppt) for each of the five single metal
treatments (Cu, Cd, Pb, Zn, and Ni). The metals chosen are representative of the metals found in
surface sediments and sediment cores from Brown Bay, Antarctica (Cunningham et al. 2005).
Nominal single metal concentrations for Cu, Cd, Pb, Zn, and Ni, as well as metal mixture
concentrations, are shown in Table 2.2. Single metal treatments tested the effect of a single metal
on P. antarctica under a range of salinities. Single metal exposures were defined as low or high
based on previously determined EC10 concentrations (Gissi et al. 2015). Metal mixture
treatments (denoted by Mix1, Mix1-Cu, and Mix2) were chosen to examine the effect of
competing metals to P. antarctica, with Cu omitted from one test (Mix1-Cu) to explore the
contribution of Cu to mixture toxicity. Lower salinities (<35 ppt) were chosen to examine the
response of P. antarctica to a decrease in salinity resulting from the annual summer ice melting
and freshwater intrusion into the aquatic environment. Conversely, the higher salinities were
chosen to examine the response of P. antarctica to concentrated brine, released from pockets in
the ice into the ocean upon melting. Each salinity treatment had a corresponding control to
isolate the effect of salinity changes from metal toxicity.
Quality control was maintained in each experiment by having two replicates each of a 35
ppt control, EC10 Cu (3.3 µg Cu/L), and EC50 Cu (5.9 µg Cu/L). Subsamples (5 mL) were taken
at the beginning of the bioassay (Day 0) for dissolved metal analysis by inductively coupled
plasma-atomic emission spectrometry (ICP-AES) and filtered through an acid-washed 0.45-μm
syringe filter (cellulose nitrate, Sartorius) to remove algae. All subsamples were acidified to
0.2% with Tracepur nitric acid (Merck) before analysis. Acid-washed glass filtration units
(Advantec, Germany) with 0.45 µm filter papers were used at the end of the bioassay (Day 10)
to subsample for dissolved metals. The growth rate inhibition was compared to values achieved
by Gissi et al. (2015) to ensure the algae were responding to a known toxicant in a reproducible
way. Treatments were subsampled for salinity, conductivity, pH and dissolved oxygen before the
tests commenced. This was to ensure consistency across treatments in the physical and chemical
composition of the seawater.
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Table 2.2. Ranges of nominal concentrations of metals used in single metal exposures and metal
mixture exposures in toxicity bioassays with the marine microalga, Phaeocystis antarctica over
a 10-d test period. EC10 is the metal concentration that affects 10% of the cell population. Single
denotes a single metal toxicity bioassay, Mix denotes a metal mixture toxicity bioassay, and QA
denotes a Quality Assurance toxicity bioassay based on 35 ppt seawater.
Metal
treatment

Cu

Cd

Pb

Zn

Ni

(µg/L)

QA (low)

1.4 – 3.0

-

-

-

-

QA (high)

4.0 – 6.2

-

-

-

-

EC10
(Gissi, 2014)

3.3 (2.5 – 4)

135 (30 – 240)

260 (100 – 420)

450 (200 – 700)

(LOECa >1070)

Single (low)

1.4 – 3.0

20 – 150

170 – 290

390 – 440

100

Single (high)

4.0 – 6.2

2500 – 3020

315 – 370

810 – 890

1000

Mix1 (low)

1.4 – 3.0

20 – 150

170 – 290

390 – 440

460b

Mix1 – Cu
(low)

-

20 – 150

170 – 290

390 – 440

460b

Mix2c (low)

2.1 – 4.5

30 – 225

255 – 435

585 – 660

690

Mix1 (high)

4.0 – 6.2

2500 – 3020

315 – 370

810 – 890

460b

Mix1 – Cu
(high)

-

2500 – 3020

315 – 370

810 – 890

460b

Mix2d (high)

6 – 9.3

3750 – 4530

470 – 555

1215 – 1335

690

Brackets indicate 95% confidence interval of growth inhibition EC 10 (Gissi 2014).
a
Lowest Observable Effect Concentration, lowest concentration tested statistically (p≤0.05) different to the control.
b
Value based on Larner et al. (2006) for Brown Bay, multiplied by 2000.
c
Values based on Mix1 (low) values x 1.5.
d
Values based on Mix1 (high) values x 1.5.

Linear regression analysis was used to calculate the growth rate of P. antarctica over 10
days. Each replicate was represented on a plot of log10 cell density versus time. The growth rate
(cell division per hour; μ) was the slope of the regression line. Algal growth rates (measured as
doublings/day) of each treatment flask was expressed as a percentage of the control growth rate
for the corresponding salinity. The number of doublings per day was calculated as μ x 24 x 3.32
(a constant) (Franklin et al. 2005). Two types of concentration-response curves were generated:
1) salinity effects were assessed by plotting the growth rate (% of control) as a function of metal
concentration against the salinity (ppt), and 2) metal toxicity was assessed by plotting the growth
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rate (% of control) as a function of 35 ppt salinity against the concentration of metal(s), and was
compared to data by Gissi (2014).

2.5. Metal analysis by ICP-AES
The dissolved metal concentrations in subsamples of test treatments were measured using
ICP-AES (Varian 730-ES). A matrix-matched calibration curve was used to determine metal
concentrations based on a two-point calibration of a mixed-metal standard at 0 and 1200 μg/L
(containing Ag, Al, As, Ba, Be, Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb, Se, Tl, V, Zn). The metals to be
measured (Cu, Cd, Pb, Zn and Ni) have a known linearity between these two concentrations.
Each standard matched the salinity and acidity being tested, with the concentration of metal
standard at 1200 μg/L chosen to include the highest concentration of any metal tested in the
bioassay (Ni at 1000 μg/L). The average limits of detection (LOD) for Cu, Cd, Pb, Zn and Ni
were 1.1, 0.4, 0.9, 0.2, and 1.7 μg/L respectively.
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3. Results and Discussion
3.1. Optimisation of a bioassay with Phaeocystis antarctica to investigate changes in
salinity
3.1.1. pH of test treatments
The pH of each treatment was adjusted to be as close to 8.1 as possible; however, the
reduced buffering capacity of the lower salinity seawater meant that pH in 15 ppt treatments
were as low as 7.6 by the end of the experiment, in comparison to 55 ppt treatments which had
pH values close to 8.0 (Table 3.1). The reasons for drift in pH included the strong buffering
capacity of high salinity seawater, the dilution of standard seawater to achieve low salinity
seawater, the addition of acidified metal stocks, and the static test solutions with algae.
Laboratory studies by McMinn et al. (2014) found that growth rates in Antarctic sea ice algae
were inhibited below pH 7.6, while Søgaard et al. (2011) concluded that pH had a direct effect
on diatom growth when grown in seawater with pH >9. They did not, however, test these species
in seawater with pH below 8.0, as there are two factors that can increase the pH of seawater in
Antarctic waters: 1) areas of intense primary production, and hence photosynthetic activity
reducing CO2

(aq)

(Thomas et al. 2001); and 2) carbonate precipitation in brine channels, and

subsequent transport out of the water column (Rysgaard et al. 2007; Dieckmann et al. 2008). A
study by Tynan et al. (2016) found that biological activity contributed 55-65% of pH changes in
the Weddell Sea, with pH values as high as 8.30 in productive summer waters, and as low as 8.1
in low-nutrient, winter waters. Phytoplankton blooms also contributed to a similar increase in pH
changes in the near-shore environment of the McMurdo Sound (Hofmann et al. 2015). As the
Weddell Sea is known to harbour extensive blooms of P. antarctica (El-Sayed, 1978), the annual
variations in pH are relevant to this study. Therefore, the difference of 0.6-0.8 pH units between
lower salinity treatments; particularly for metal mixture treatments spiked with 0.1% v/v HCl
metal stocks, and the pH found in Antarctic waters should be taken into account when assessing
the influence of metals to the growth and cellular parameters of P. antarctica.
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Table 3.1. Average initial and final pH over 10-d test duration for all metal treatments at varying
salinities.
Treatment salinity

Average initial

Average final

Number of

(ppt)

pH

pH

replicates (N)

15

7.8 ± 0.04

7.6 ± 0.03

34

25

7.9 ± 0.10

7.8 ± 0.04

29

35

8.0 ± 0.07

7.85 ± 0.04

53

45

8.15 ± 0.10

7.95 ± 0.02

29

55

8.25 ± 0.03

8.00 ± 0.02
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3.1.2. The effect of salinity on Phaeocystis antarctica
The effect of salinity on growth rate inhibition
The aim of this part of the study was to investigate the tolerance of P. antarctica to a range
of salinities that occur annually in the Antarctic marine environment. It was assumed that the
peak growth rate would occur at standard seawater salinity (35 ppt) and would decline as salinity
increased or decreased. The algae were grown in salinities ranging from 10 ppt to 68 ppt (10, 15,
20, 25, 35, 45, 55, 63, 68 ppt) to examine the optimal growth rate.
In exposures without metal contaminants there was a sharp decline in growth rates at
salinities less than 25 ppt than at salinities greater than 35 ppt (Figure 3.1). No cell growth was
observed in control bioassays of 10 ppt and 68 ppt. The highest growth rate of 0.60 ± 0.05
doublings/day (n=16) was observed in standard seawater of 35 ppt.
The trend of greater tolerance (higher growth rates) at elevated salinities rather than reduced
salinities differs to studies on Arctic sea ice algae by Bates and Cota (1986) and Søgaard et al.
(2011). For the diatom and chlorophyte species, maximum growth rates were achieved at 33 ppt
(~ 0.5 doublings/day) and were still relatively high at 5 ppt (~ 0.4 doublings/day) (Søgaard et al.
2011). By contrast, salinities greater than 50 ppt rapidly decreased the growth rate of each
species (<0.3 doublings/day), with a 50% reduction by 100 ppt in the diatom species. In contrast,
a study on salinity tolerance to four Arctic sea-ice diatoms found that most of the species had
measurable growth rates within 5 to 60 ppt, with the exception of one species which did not
grow below 15 ppt (Grant and Horner, 1975).
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Figure 3.1. Growth rate of the marine microalga, Phaeocystis antarctica (n=35) at different
salinities (10 - 68 ppt). Note that zero doublings/day (as with 10 and 68 ppt) means that cells
were not growing beyond their initial inoculation, and does not equate to cell death.

The effect of salinity on chlorophyll a fluorescence, cell size, internal granularity, and
membrane permeability
Compared to natural seawater salinity (35 ppt), higher salinities (45 and 55 ppt) had no
effect on the chlorophyll a fluorescence, internal granularity or membrane permeability in P.
antarctica (Appendix D, Figure D1). However, there was a slight decrease in cell size with 7 and
10% of cells shifted to the R1 region for 45 and 55 ppt, respectively (Figure 3.2). Hildebrand et
al. (2006) observed that it was the height, rather than the diameter of the cell that shrunk when
exposed to higher salinities in the marine diatom Thalassiosira pseudonana. During the
interphase before cellular division, elongation of the cell is driven by the turgor pressure, which
consequently influences the siliceous components in the cell wall (Picket-Heaps et al. 1990;
Harold, 2002). Roubeix and Lancelot (2008) found that cell height of the euryhaline freshwater
diatom Cyclotella meneghiniana decreased by 45% in a 30 ppt culture, whereas the cell diameter
decreased by only 6%. In the present study, flow cytometry detected changes in the cell size, but
did not distinguish between cell height and diameter. A future study could examine whether
these findings apply to P. antarctica using microscopy or further flow cytometric analysis.
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Lower salinities (15 and 25 ppt) had no effect on the cell size, internal granularity or
membrane permeability. There was a notable decrease in chlorophyll a fluorescence at reduced
salinities, with 5 and 24% of cells shifted to the R1 region for 15 and 25 ppt, respectively. An
early study on sea ice algae tolerance to salinity showed a chlorophyll a fluorescence optimum
between salinities of 25 and 35 ppt, with a sharper decrease at salinities below 25 ppt than above
35 ppt (Bates and Cota, 1986). They found that at salinities below 20 ppt and above 35 ppt, the
photosynthetic efficiency and fluorescence activity were reduced by a factor of four. Further
testing at lower salinities would be required to ascertain why there was a greater decrease in
chlorophyll a fluorescence in 25 rather than 15 ppt treatments.
Hypoosmotic conditions have been shown to reduce chlorophyll a concentrations in algal
cells (Hernando et al. 2015), although this was not definitively observed in the present study
with P. antarctica. They found that diatoms underwent morphological changes at reduced
salinities, with the influx of water to the cell raising the osmotic turgor pressure. This resulted in
an increased cell size, compressed chloroplasts, more granular protoplasts and caused the
cytoplasm to retract. The resulting oxidative stress was linked to a degradation of chlorophyll in
the PSII pathway (Saison et al. 2010). It is therefore surprising that no changes to the cell size
were observed in P. antarctica at lower salinities, indicating its osmotic tolerance to hyposaline
seawater.
Chen and Jiann (2009) found that Dunaliella possess a special membrane reservoir that can
rapidly shrink or swell in response to extreme salinity stress, thereby preventing cellular
apoptosis or membrane shrinkage. In hyperosmotic conditions, Na+ transporters exclude excess
Na+, and glycerol is synthesised within the cell, re-establishing the intra- and extracellular
osmotic pressure. The reverse occurs under hypoosmotic conditions; the cell rapidly swells,
internal glycerol synthesis is reduced, and the cellular volume regains its original state (Avron,
1992; Pick, 2002). The long-term response to high salinity stress was shown to consist of the
production of salt-resistant proteins that mediate the uptake of Fe3+ and CO2, which are less
available in hypersaline waters (Pick, 2002). Assessing the intracellular concentration of
glycerol in P. antarctica cells over the range of salinities would provide a good indication if this
process is relevant for halotolerant sea ice algal species.

47

FSC- Cell size
(% of cells in each region)

100
80
60
R1
40

R2
R3

20
0
15

25

35
Salinity (ppt)

45

55

Figure 3.2. Effect of variations in salinity to the cell size of the marine microalga, Phaeocystis
antarctica after a 10-d exposure. Data represents the mean ± 1 SD of three (15, 25, 45 ppt), four
(35 ppt), and seven (55 ppt) individual toxicity tests. R1 = decreased in cell size relative to
control cells, R2 = unchanged cell size relative to control cells, R3 = increased cell size relative
to control cells.

3.2. The toxicity of single metals to Phaeocystis antarctica
Each of the five metals (Cu, Cd, Pb, Zn, Ni) produced different concentration-response
relationships at varying salinities (Figure 3.3). In general, the population growth rate of P.
antarctica decreased with increasing metal concentration and decreasing salinities. Low and
high metal concentrations were used at most salinities to produce an algal response at two
different concentration ranges. Copper was the most toxic metal over the salinity range of 15, 25,
35, 45, and 55 ppt, however, Cd and Pb displayed high toxicity at lower salinities. Toxicity of all
five metals at standard seawater (35 ppt) was similar to rangefinder data performed by Gissi
(2014) on P. antarctica (Figure 3.4). Cadmium, Pb, Zn and Ni were less toxic than Cu; a trend
seen in studies on other microalgae species, including green algae (Levy et al. 2007), diatoms
(Stauber and Florence 1990; Florence et al. 1994; Adams and Stauber, 2004; Levy et al. 2007;
Johnson et al. 2007), and dinoflagellates (Levy et al. 2007). A previous study examined the
influence of salinity on metal toxicity on a variety of trophic groups ranging from crustaceans
and fish to phytoplankton and bacteria (Hall and Anderson, 1995). The toxicity of Cd, Cu, Ni
and Zn increased with decreasing salinity, which was related to the greater bioavailability of the
metal in the free ion form at lower salinities.
Copper, Cd and Pb are frequently chosen to be studied in ecotoxicity testing on Antarctic
algae, whereas there are fewer published studies on the effects of Zn and Ni. The high variability
48

in some of the data on these metals means that conclusions based on salinity effects to metal
toxicity will be limited. In addition, few studies have incorporated modern best practices in
microalgae toxicity testing methods, such as low-nutrient test media, low initial cell density and
accurate cell counting methods (i.e. flow cytometry) (Franklin et al. 2005).
3.2.1. Effect of single metals on growth rate inhibition
Copper
Copper had the greatest inhibitory effect on the growth rate of P. antarctica (Figure 3.3A).
The population growth in standard seawater (35 ppt) decreased to 64 ± 10% of the control
growth rate with a concentration of 4.9 ± 0.9 μg Cu/L (Appendix C, Table C1). The degree of
Cu toxicity at this salinity correlates to the toxicity observed by Gissi et al. (2015) (Figure 3.4A).
Variations in salinity, from 15 to 55 ppt, had no effect on copper toxicity as a function of growth
rate. This suggests that Cu2+ complexed to a greater degree by carbonate ions than chloride ions
(Figure 1.2). Therefore, compared to the other four metals, Cu2+ complexation is controlled more
by pH than salinity. This becomes increasingly relevant at lower temperatures, where around
80% of total Cu is complexed to carbonate at pH 8.2 and 5 °C, versus 55% at pH 7.6 and 5 °C,
resulting in free Cu2+ percentages of 12 and 32%, respectively (Byrne, 1988). The pH in Cu
treatments by the end of the experiment had decreased to 7.6, 7.7, 7.8 and 8.0 in 15, 25, 35, and
55 ppt, respectively. Therefore, the growth rate and other cellular parameters should be viewed
in light of the potential for influences in pH under experimental conditions that do not
necessarily reflect pH stability in the open ocean.
A study by Levy et al. (2007) measured the 72-h Cu EC50 value for the tropical marine
microalga Isochrysis sp. (a Prymnesiophyte) as 4.0  0.2 g Cu/L, a similar result to that of
Gissi et al. (2015) for P. antarctica. Conversely, a study by Debelius et al. (2009) found that the
72-h EC50 value for Isochrysis galbana was 58  30 g Cu/L. This indicates that there may be
significant differences in Cu tolerance within the Prymnesiophyte class, and/or the test media
each study cultured Isochrysis in. Franklin et al. (2001) showed that Cu inhibited the growth rate
of four different algal species (two freshwater and two marine) over a 48- to 72-h exposure
period. Cairns et al. (1978) reported that in some treatments Cu stimulated, rather than inhibited,
the growth rate of Scenedesmus quadricauda and Chlamydomonas sp. at Cu concentrations >1
mg/L. The varying levels toxicity to Cu shown by different classes of algae indicates that Cu
detoxification mechanisms are more pronounced in certain species than in P. antarctica.
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Cadmium
Cadmium was moderately toxic to the growth rate of P. antarctica in standard seawater (35
ppt) (Figure 3.3B). Cell growth still occurred at concentrations of 2729 g Cd/L (Appendix C,
Table C1). Low concentrations of Cd resulted in relatively little growth inhibition in 35 ppt
seawater, with an average concentration of 219 g Cd/L causing a decrease in population growth
rate to 91 ± 13% (Appendix C, Table C1). Decreasing salinity influenced the growth rate of P.
antarctica at high cadmium concentrations, with no cell growth occurring at 15 ppt (Appendix
C, Table C1). In contrast, the population growth rate at 55 ppt was quite high considering the
high Cd concentrations (54 ± 3% ; 2847 g Cd/L), indicating that Cd is less available for uptake
into P. antarctica, potentially due to chloride complexation. As there was variability in the
growth rate inhibition observed at intermediate salinities, further replication at these salinities is
required to understand the trend occurring with Cd toxicity. Low concentrations of Cd did not
produce similar trends in toxicity with variations in salinity, as similar growth inhibition (~90%
of the control) was shown by algal treatments with 18.6 and 20.4 g Cd/L at 15 ppt and 55 ppt,
respectively (Figure 3.3B, orange data points).
Previous toxicity bioassays with microalgae found varying tolerances to Cd. Toxicity data
for Cd collected at standard seawater in the present study fits within the trend observed by Gissi
et al. (2015) for P. antarctica (Figure 3.4B). The 72-h EC50 for the tropical freshwater alga
Chlorella sp. was 96 g Cd/L (Franklin et al. 2002), while EC50s for the diatoms Nitzschia
closterium and Entomoneis cf punctulata were 350 and 2400 g Cd/L, respectively (Florence et
al. 1994; Stauber and Adams, 2004). By contrast, EC50s as low as 4.3 and 3.7 g Cd/L were
determined for the freshwater green alga Pediastrum simplex and diatom Synedra acus,
respectively (Ran et al. 2015). Fisher et al. (1984) found that Cd accumulation in the marine
diatom Thalassosira pseudonana was two-fold lower than in the freshwater diatom Skeletonema
costatum studied by Braek et al. 1980. The reason for the discrepancy, Fisher et al. (1986)
postulated, was the differences in Cl- complexation and Mg2+ concentration. However, while
solution chemistry does play a major role in regulating cellular effects and metal partitioning,
large variations in metal uptake and efflux exist across and within algal species.

50

Lead
Lead displayed significant inhibitory effects on P. antarctica growth rates (Figure 3.3C), but
was less toxic than Cu. An average concentration of 257 g Pb/L in standard seawater (35 ppt)
resulted in decreased population growth rate to 75 ± 10% of the control (Appendix C, Table C1).
Lead toxicity increased with decreasing salinity, with growth rate inhibition reduced to 13 ±
18% of the control in 15 ppt seawater with 321 g Pb/L. This is in contrast to the increase in
growth rate observed in 55 ppt seawater (221 g Pb/L, 110 ± 4% of the control); suggesting that
very little free Pb2+ exists in solution at high salinities. The degree of Pb toxicity at standard
seawater was also similar to the toxicity observed by Gissi et al. (2015) (Figure 3.4C)
Lead speciation in seawater is unique with respect to the other four metals tested in that it
complexes both chloride and carbonate species (Byrne 1988, 2002; Angel et al. 2016). Lead
complexation is therefore is similar to Cu2+ speciation in its pH dependence. At 5 °C, the ratio of
Cl- : CO3 complexation is almost 1:1 at pH 8.2, whereas it is around 3:1 at pH 7.6 (Byrne, 2002).
This has important implications for this study, as the pH in lower salinity experiments was found
to have decreased over the duration of the experiment (Table 3.1.), resulting in more Pb ions
being complexed to chloride, and not to carbonate, which is more likely in Antarctic waters.
P. antarctica is relatively sensitive to Pb (10-d EC50 of 570 g/L) (Gissi et al. 2015)
compared to some other species of microalgae, including the green alga Ulva pertusa (EC50 877
g/L) (Han and Choi, 2005), the Prymnesiophyte Isochrysis galbana (EC50 of 1340 g/L), and
Tetraselmis chuii (EC50 of 2640 g/L) (Debelius et al. 2009). Interestingly, one species of
diatom, Chaeotoceros sp., was more sensitive to Pb (EC50 of 105 g/L) than P. antarctica, yet
was highly tolerant to Cu (EC50 of 88 g/L). This highlights the unpredictability and variability
of growth rate inhibition due to metal toxicity within and across different classes of algae. As a
toxicity mechanism, Pb has been acknowledged to competitively inhibit the binding of Ca2+ and
Cl- within the luminal surface of the thylakoid membranes (Rashid et al. 2004). In contrast,
Meindl and Roderer (1990) and Volland et al. (2014) discovered that Pb was not taken up into
Micrasterias cells, but instead exerted its toxicity by substituting Ca2+ in the cell wall. This may
not be the case in P. antarctica cells due to the extensive changes in ultrastructure indicated by
the increase in internal granularity.
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Zinc
Zinc displayed moderate toxicity to P. antarctica (Figure 3.3D). A low concentration of Zn
(average 399 g Zn/L, n=4) in standard seawater treatments (35 ppt) inhibited the growth rate to
76 ± 8% of the control, while a high concentration (863 g Zn/L, n=5) inhibited the growth rate
to 53 ± 6% of the control at the same salinity (Appendix C, Table C1). The degree of Zn toxicity
was similar to the toxicity observed by Gissi et al. (2015) (Figure 3.4D). Variations in salinity
had no apparent effect on Zn toxicity as a function of growth rate, despite high variability in in
the 55 ppt treatments. Zinc is generally a weakly bound metal in seawater, occurring
predominantly as the free Zn2+ ion (73%) and as Cl- complexes (11%) at 5 °C (Byrne, 1988,
2002) (Table 1.2). Unlike Cu, Pb, and to a moderate extent, Ni, Zn speciation is not pHdependent, so considerations regarding pH drift during the experiments may not be relevant with
respect to Zn speciation.
Starodub et al. (1987a) found similar levels of growth rate inhibition due to Zn in the
freshwater green alga, S. quadricauda. The population growth rate decreased to 84% of the
control in 300 g Zn/L treatments, however it decreased by a greater amount to 19% of the
control in 500 g Zn/L treatments. Johnson et al. (2007) determined the EC50 value for the
diatom N. closterium as 226 ± 105 g Zn/L, while the EC50 (910 g Zn/L) for the diatom
Entomoneis cf punctulata (Adams and Stauber, 2004) was a similar concentration to that
calculated by Gissi et al. (2015) for P. antarctica (1110 g Zn/L).
Nickel
Nickel was the least toxic metal tested to P.antarctica (Figure 3.3E). A Ni concentration of
1011 g Ni/L in standard seawater (35 ppt) produced a population growth rate of 100 ± 5%
(Appendix C, Table C1). Variations in salinity appeared to have no effect on the population
growth rate; however, the growth rate was lower than expected in the 45 ppt treatments (61 ±
5%, 1021 g Ni/L). As three of these four treatments were isolated to one test, it may be an
anomaly in the test solution for the particular batch. The population growth rate at 55 ppt was
relatively elevated, yet varied around 103 ± 13% at a concentration of 1020 g Ni/L.
Previous research into P. antarctica Ni tolerance by Gissi et al. (2015) found that no growth
rate inhibition was observed at concentrations as high as 1070 g Ni/L (Figure 3.4E). Nickel in
seawater at 5 °C is predominantly in the free Ni2+ form (68%) and also complexed with CO3
(16%) and Cl- (11%) (Byrne, 1988). Nickel complexation is therefore moderately pH-dependent,
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so pH drift during experimentation would need to be taken into account when analysing Ni
toxicity in seawater. However, as there was no apparent toxicity to P. antarctica, it is difficult to
make an assumption on which Ni species were present in solution.
Nickel tolerance is not exclusive to P. antarctica and has been studied extensively.
However, there has been little data published on the influence of varying salinity on Ni toxicity
to specific organisms. To ascertain a better understanding of Ni toxicity across a range of
salinities, freshwater and marine studies can be compared. A study by Chong et al. (2000)
examined the performance of freshwater green algae in sequestering Ni and Zn from wastewater.
Some of the species, including S. quadricauda and Chlorella miniata, were able to grow in
wastewater contaminated with up to 30 mg Ni/L, while a study on the green alga D. tertiolecta
also found a high tolerance to Ni, with an EC10 of 18 mg Ni/L in 29 ppt seawater (DeForest and
Schlekat, 2012). In contrast, a class of green algae, Chlorophyceae sp., had decreased growth
rates in response to Ni concentrations between 50 and 700 g/L (Hutchinson 1973). The marine
diatom, Phaeodactylum tricornutum, was relatively unaffected by Ni, with no inhibition at 500
g/L and limited inhibition when exposed to 1000 g/L (Skaar et al. 1974). However, there are
some algal species that are sensitive to Ni: the diatoms Skeletonema costatum (DeForest and
Schlekat, 2012) and N. closterium (Florence et al. 1994) had EC10 and EC50 values of 317 and
250 g/L, respectively.
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Figure 3.3. The growth rate of the marine microalga, Phaeocystis antarctica as a percentage of
the control’s growth rate for single metals at a range of salinities (15, 25, 35, 45, and 55 ppt)
over a 10-d test duration: (A) Cu, (B) Cd, (C) Pb, (D) Zn, and (E) Ni. Each data point represents
a replicate from an individual toxicity test; orange-coloured points are low metal concentrations,
and black points are high metal concentrations. Cu low = 1.4 – 3.0 µg/L, Cu high = 4.0 – 6.2
µg/L, Cd low = 18 – 310 µg/L, Cd high = 2489 – 3018 µg/L, Pb = 173 – 367 µg/L, Zn low =
386 – 445 µg/L, Zn high = 792 – 910 µg/L, Ni = 980 – 1048 µg/L. Metal exposure
concentrations are calculated as the average concentration of dissolved metals (0.45µm) at the
start and the end of each bioassay.
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Figure 3.4. Mean growth rate of the marine microalga, Phaeocystis antarctica as a percentage of
the control’s growth rate for single and metal mixture concentrations over a 10-d test duration in
35 ppt seawater: (A) Cu, (B) Cd, (C) Pb, (D) Zn, and (E) Ni. Each data point represents a
replicate from an individual toxicity test; blue diamonds (Cu), red squares (Cd); green triangles
(Pb); purple plus sign (Zn); blue circles (Ni); black crosses (Gissi et al. 2015); orange circles
(Mix1); black squares (Mix2). Refer to Appendix C, Tables C1, C2, and C4 for metal
concentrations. Metal exposure concentrations are calculated as the average concentration of
dissolved metals (0.45µm) at the start and the end of each bioassay.
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3.2.2. Effect of single metals on chlorophyll a fluorescence, cell size and internal cell
granularity
An analysis of cellular parameters in P. antarctica after 10-day exposures to metals
provided additional information on toxicity. Copper (Figure 3.5) altered the chlorophyll a
fluorescence and internal granularity at all salinities tested (15, 25, 35 and 55 ppt). Cadmium and
Pb (Figure 3.6, 3.7) appeared to be the metals most influenced by changes in salinity, with the
greatest changes to chlorophyll a fluorescence, cell size, internal granularity and membrane
permeability occurring at decreased salinities. Zinc low, Zn high and Ni treatments displayed
little variation in cellular parameters to P. antarctica (Appendix C, Figures D3, D4, D5).
Copper caused an increase in chlorophyll a fluorescence with increasing salinity (Figure
3.5). After 10-d exposures to 4.9 µg Cu/L and 5.7 µg Cu/L (Appendix C, Table C1), 20 and 13%
of cells (35 and 55 ppt, respectively) had shifted into the R3 region (Figure 3.5B). Copper in
lower salinities appeared to have a small decrease on chlorophyll a fluorescence; however,
further testing would be required to prove this. In support of the results of the present study,
acute toxicity bioassays (24–72-h) by Franklin et al. (2001) showed that chlorophyll a
fluorescence both increased and decreased, depending on the length of exposure and Cu
concentration. Chlorophyll a fluorescence decreased with concentration and time in the
freshwater algae Selenastrum capricornutum and Chlorella sp., with 72-h EC50 values of 13 and
40 µg/L, respectively (i.e. at these concentrations, approximately 50% of cells were fluorescing
at a lower intensity than the controls). Conversely, chlorophyll a fluorescence increased for the
marine algae P. tricornutum, an observation also made by Cid et al. (1996). Surprisingly,
another marine alga, D. tertiolecta, showed no significant changes to chlorophyll a fluorescence
even at Cu concentrations up to 500 µg Cu/L.
There did not appear to be a change in cell size due to Cu with variations in salinity;
however, internal granularity increased in all salinity treatments tested after 10-d exposure to 4.1
– 6.1 µg Cu/L, the greatest increase was observed in 35 ppt treatments with 25% of cells shifted
into the R3 region (Figure 3.5B). This trend was reflected by Gissi et al. (2015), who found no
significant changes to cell size, despite an increase in internal granularity. In support of both sets
of results, Levy et al. (2008) observed an increase in the number and size of vacuoles in the cells
of Tetraselmis sp. and D. tertiolecta, despite observing no changes in the size of the cells.
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Changes in cell size can be reflected in changes to the membrane permeability; alterations in
the ultrastructure, e.g. swollen vacuoles, will increase the cellular volume (Stauber and Florence,
1987). It is therefore surprising that no changes in membrane permeability and cell size were
observed in P. antarctica (Figure 3.5C, D). It may be that either higher Cu concentrations are
required to provoke cell enlargement, such as those used by Franqueira et al. (2000) and
Debelius et al. (2009), or that certain algae species have adapted a detoxification mechanism that
compartmentalises Cu (Levy et al. 2008) and prevents it from damaging the membrane, thereby
preventing Na+ ions from enlarging the cell (Debelius et al. 2009). For instance, Franqueira et al.
(2000) observed a 49% increase in cell size (reported as cell volume) after 96-h in P.
tricornutum in Cu concentrations of 1 mg Cu/L. Debelius et al. (2009) also reported increases in
cell size and internal granularity in concentrations >300 µg Cu/L. However, Frankin et al. (2001)
reported that maximum increases in internal granularity and cell size were achieved in Chlorella
sp., S. capricornutum, and P. tricornutum cells in comparatively low Cu concentrations of 18 µg
Cu/L. A further explanation for differences to changes in cell size and internal granularity is the
quantitative method for gating the regions (R1, R2, R3) relative to the control salinities. While
the control replicates for each salinity were standardised as best as possible to include 95% of
control cells, the error surrounding each salinity cannot be discounted.
Cadmium exposures at high concentrations (2489 – 3018 µg Cd/L) resulted in increased
chlorophyll a fluorescence with decreasing salinity, with 75% of cells shifted into the R3 region
at 15 ppt compared to 23 and 8% in 35 and 55 ppt treatments, respectively (Figure 3.6A,
Appendix C, Table C1 ). There was a simulatenous increase in cell size with decreasing salinity,
with 42% of cells shifted into the R3 region at 15 ppt compared to no changes in 35 and 55 ppt
treatments (Figure 3.6B). Internal granularity increased with decreasing salinity, with 81% of
cells shifted into the R3 region compared to 32 and 8% in 35 and 55 ppt, respectively (Figure
3.6C). Membrane permeability increased with decreasing salinity, with 72% of cells classified as
permeable compared to 8% in 35 ppt and no change in 55 ppt (Figure 3.6D). The dramatic effect
of Cd to all cellular parameters, combined with information on the effect of Cd to cellular
growth rate, indicates that decreasing seawater salinity has a major impact on the speciation of
Cd in seawater and therefore, its toxicity to P. antarctica.
The response of microalgal species to Cd in ecotoxicity studies has been highly variable.
For instance, changes in cellular parameters for Cd toxicity in P. antarctica presented in this
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study are different to the parameter results obtained by Gissi et al. (2015), who observed a
significant decrease in chlorophyll a fluorescence and cell size at concentrations similar to this
study (2330 µg Cd/L). However, internal granularity increased to a greater extent than the
present study (60% compared to 32% of cells shifted into R3 region). The response of other
microalgae species to Cd has been varied. Ou-Yang et al. (2013) showed that chlorophyll a
fluorescence in the green alga Chlorella vulgaris decreased when exposed to ≥3900 µg Cd/L;
however, the effect was more pronounced after 48 h than 96 h. Ran et al. (2015) also observed
significant decreases in chlorophyll a fluorescence when exposed to Cd concentrations of 200
and 500 µg Cd/L in P. simplex and S. acus, respectively. Conversely, and in agreement with the
present study, Jamers et al. (2009) reported significant increases in chlorophyll a fluorescence
and internal granularity in the green alga C. reinhardtii with Cd exposures of >560 µg Cd/L. As
Cd2+ is the predominant form of Cd in freshwater (assuming no competition from organic
ligands) (Figure 1.2), changes to cellular parameters with decreasing salinity are not surprising
given its increased bioavailability. Based on the findings of Samson et al. (1988), it could be that
in P. antarctica cells, the increase in chlorophyll a fluorescence infers Cd inhibition of the
electron acceptor side of PSII, rather than the donor side as Ran et al. (2015) indicated for P.
simplex and S. acus. However, Ou-Yang et al. (2013) concluded that the influence of Cd affected
both the donor and the acceptor side of the PSII system in C. vulgaris, inferring that more than
one toxicity mechanism may exist to exert toxicity effects on cellular parameters to microalgae.
Lead caused an increase in chlorophyll a fluorescence with decreasing salinity (Figure 3.7).
After 10-d exposures to 321 and 299 µg Pb/L (Appendix C, Table C1), 39% (15 ppt) and 29%
(25 ppt) of cells had shifted into the R3 region (Figure 3.7A). There appeared to be very little to
no changes in chlorophyll a fluorescence in 35 and 55 ppt treatments. Gissi (2014) also observed
no significant changes to chlorophyll a fluorescence in 35 ppt Pb treatments. In contrast to these
results, a study by Carfagna et al. (2013) found that chlorophyll a fluorescence was significantly
reduced in Pb-treated cells of Chlorella sorokiniana. The study noted severe alterations to the
chlorophyll plastids and a decrease in total chlorophyll concentration associated with a reduction
in antenna size for the photosynthetic reaction centre complexes. The inhibition of PSII reaction
centre would therefore influence the level of growth inhibition observed in Pb-treated algal cells,
and may be applicable to P. antarctica cells.
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Lead increased cell size, internal granularity and membrane permeability in P. antarctica
cells with decreasing salinity. Cell size appeared to increase at 15 ppt with 32% of cells shifted
to R3; however there was only a slight increase in cell size in 25 ppt treatments (Figure 3.7B).
Internal granularity was the parameter most affected by Pb exposures in decreasing salinities,
with 83% of cells in 15 ppt treatments shifted to R3, compared to 21% in 35 ppt treatments
(Figure 3.7C). Membrane permeability was highest in 15 and 25 ppt treatments, with 52 and
26% of cells classified as permeable compared to no changes in 35 and 55 ppt (Figure 3.7D).
Some previous studies found similar results in algae bioassays; however Gissi et al. (2015)
observed no significant changes to internal granularity to P. antarctica. Debelius et al. (2009),
however, observed significant changes/increases in cell size across a range of marine microalgae
when exposed to a series of Pb concentrations. While the degree of change/increase in cell size
varies depending on the algal strain, Pb concentration and exposure length (Franklin et al. 2002),
it could also be due to increased membrane permeability to Na+, or the accumulation of
photosynthetic products (Debelius et al. 2009). Gouveia et al. (2013) used transmission electron
microscopy to observe ultrastructural changes in Gracilaria domingensis, a marine red alga.
They noted irregular morphology of chloroplasts, swollen thylakoids, increased cell wall
thickness and the presence of concentric membranes within the cytoplasm. Similar results were
observed by Martin-Gonzales et al. (2006) with Cd and Zn exposures to ciliated protozoa. While
the internal structure of P. antarctica cells were not examined by this study, the increase in
internal granularity and membrane permeability indicates that similar processes may be
occurring to the ultrastructure at decreased salinities.
Zinc caused an slight increase in chlorophyll a fluorescence, cell size, internal granularity,
and membrane permeability with decreasing salinity (Appendix D, Figure D3, D4). Zinc
concentrations of 414 and 876 µg Zn/L (Appendix C, Table C1) caused an increase in
chlorophyll a fluorescence, with 24 and 13% of cells shifted into the R3 region in 15 ppt
treatments (Appendix D, Figure D3A, D4A). There were minor increases in cell size observed
(Appendix D, Figure D3B, D4B), the largest of which occurred in the 15 ppt treatments,
however further replication would be required to prove this. Changes to internal granularity were
more appreciable, with increases between 12 and 20% occurring in treatments containing 15, 25
and 35 ppt seawater (Appendix D, Figure D3C, D4C). No change occurred in any parameter in
55 ppt treatments, despite recording a lower average growth rate than the 15 and 25 ppt
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treatments. This suggests that Zn does not elicit toxicity by influencing the PSII reaction
pathway or altering the cellular ultrastructure in P. antarctica.
Nickel (Appendix D, Figure D5) had no effect on the cellular parameters, even at
concentrations as high as 1048 µg Ni/L (Appendix C, Table C1). Gissi et al. (2015) found a
similar lack of Ni activity in analysing cellular parameters. These results indicate that Ni does
not exert toxic effects on population growth or cellular parameters at any of the salinities tested,
indicating that Ni is either actively excluded from entering the cell, or is effectively detoxified
within the cell in P. antarctica.
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Figure 3.5. The effect of high Cu concentrations (4.8 – 6.2 µg/L) at varying salinities on the
cellular parameters on the marine microalga, Phaeocystis antarctica after a 10-d exposure. Data
represents the mean ± 1 SD of two (15, 25, and 35 ppt) and four (55 ppt) individual toxicity
tests. R1 = decrease in parameter relative to control cells, R2 = parameter the same as the control
cells, R3 = increase in parameter relative to control cells. (A) chlorophyll a fluorescence, (B) cell
size, (C) internal granularity, (D) membrane permeability.
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Figure 3.6. The effect of high Cd concentrations (2489 – 3018 µg/L) at varying salinities on the
cellular parameters on the marine microalga, Phaeocystis antarctica after a 10-d exposure. Data
represents the mean ± 1 SD of two (15, 25, and 35 ppt) and four (55 ppt) individual toxicity
tests. R1 = decrease in parameter relative to control cells, R2 = parameter the same as the control
cells, R3 = increase in parameter relative to control cells. (A) chlorophyll a fluorescence, (B) cell
size, (C) internal granularity, (D) membrane permeability.
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Figure 3.7. The effect of Pb concentrations (173 – 367 µg/L) at varying salinities on the cellular
parameters on the marine microalga, Phaeocystis antarctica after a 10-d exposure. Data
represents the mean ± 1 SD of two (15, 25, and 35 ppt) and four (55 ppt) individual toxicity
tests. R1 = decrease in parameter relative to control cells, R2 = parameter the same as the control
cells, R3 = increase in parameter relative to control cells. (A) chlorophyll a fluorescence, (B) cell
size, (C) internal granularity, (D) membrane permeability.
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3.3. The toxicity of metal mixtures to Phaeocystis antarctica
3.3.1. Effect of metal mixtures on growth rate inhibition
Metal mixture bioassays to P. antarctica produced similar concentration-response
relationships at varying salinities (Figure 3.8). The metals within in each mixture (Mix1, Mix1Cu, and Mix2) and their concentrations are presented in Appendix C; Tables C2, C3 and C4.
Low and high metal concentrations in metal mixtures were used in most salinity tests to produce
an algal response proportional to the concentration of metals.
Low metal mixtures generally caused less growth inhibition than high metal mixtures
(Figure 3.8). There were no clear trends observed between salinity and growth inhibition due to
metal mixture toxicity over a 10-d exposure period, unlike metals such as Cd and Pb in single
metal treatments (Section 3.2).
Mixtures of all five metals in Mix1 have similar toxicity with changing salinity in the low
and high mixture concentrations (Figure 3.8A). There was an average growth rate of 68 ± 1% of
the control in 15 ppt treatments, yet it decreased to 63 ± 7% at standard seawater (35 ppt)
(Appendix C, Table C2). Mix1 treatments at 55 ppt showed considerable variation, with an
average growth rate of 60 ± 19%. Mixtures of Cd, Pb, Zn, and Ni (Mix1-Cu) in low
concentrations (Figure 3.8B), however, displayed a trend of increasing toxicity with decreasing
salinity. In the high salinity treatment, 55 ppt, the average growth rate was 76 ± 3%, and this
decreased to 54 ± 6% and 58 ± 7% in the 15 and 25 ppt treatments, respectively (Appendix C,
Table C3).
Mixtures of all five metals in overall high concentrations (Mix2) displayed a trend that was
the opposite of what was expected to occur; greater toxicity occurred with increasing salinity
(Figure 3.8C). The growth rate was 55 ± 3% in 15 ppt treatments, but reduced to 23 ± 8% in 55
ppt treatments. These results are surprising given that a similar trend was not observed in Mix1
or Mix1-Cu treatments. One explanation is the slightly higher concentration of all metals except
lead in the 55 ppt treatments relative to other salinities (Appendix C, Table C4); however,
increased complexation with seawater ions was anticipated at higher salinities.
Mix2 low concentrations, which were generally greater than Mix1 low concentrations, but
less than Mix1 high concentrations, produced little change in toxicity with variations in salinity.
Extraordinarily high growth rates were observed in the 55 ppt treatments (131 ± 9%) for Mix2
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low concentrations; however, there will always be natural variability in metal dose-response
relationships in algae.
The combined effects of metal mixtures on marine microalgae have been less well
documented than single metals. This is surprising given that metal contaminants are rarely found
in isolation. There have been no previous algal toxicity studies that have incorporated all five
metals (Cu, Cd, Pb, Zn, and Ni) into a metal mixture, so the combined effects of these metals are
unknown. However, some studies have performed binary and tertiary combinations of metals in
metal mixtures. Franklin et al. (2002) showed that metal mixture effects of Cu, Zn and Cd vary
from antagonistic to synergistic (Franklin et al. 2002). A synergistic effect refers to the addition
of two or more metals that produces an effect on the phytoplankton greater than their individual
effect, resulting in enhanced toxicity. An antagonistic effect, resulting in reduced toxicity, is the
opposite of this. These effects become more complex as different algal species may exhibit
either synergistic or antagonistic effects depending not only on whether it is a single metal or
metal mixture exposure, but also on the strain of that particular species (Bræk et al. 1980). Their
study showed that the two microalgae species (a dinoflagellate and a diatom) displayed
synergism, while another species (a diatom) displayed antagonism, yet all species showed
growth inhibition in single metal exposures. They attributed this to the sharing of cellular uptake
pathways by divalent metals, excluding or reducing certain metals from these pathways.
The competition between the Cu, Cd, Pb, Zn, and Ni in the metal mixture exposures (Mix1,
Mix1-Cu, and Mix2) could decrease the uptake rate of metals in the cell and lower the overall
toxic effect. For example, Zhang and Majidi (1994) reported that Zn adsorption onto cells of the
green alga Stichococcus bacillaris was decreased when in the presence of Cu due to competitive
binding, effectively reducing the rate of growth inhibition. Franklin et al. (2002) and Bræk et al.
(1976) noted similar conclusions for Cu-Cd exposures and Cu-Zn exposures, respectively.
Franklin et al. (2002) demonstrated that Cu out-competed Cd and Zn for cell binding, even
when dissolved concentrations of these metals were greater than for Cu. It was even shown that
Cu uptake was enhanced by Cd. Earlier studies showed that Cu-Zn (Bræk et al. 1976) and Zn-Cd
(Bræk et al. 1980) mixtures acted synergistically on some marine diatom species. In contrast to
this, and to highlight the variability in algal toxicity testing, the same combinations were found
to act antagonistically in tests on the freshwater alga, Chlorella sp. (Franklin et al. 2002), and the
diatom P. tricornutum (Bræk et al. 1976). The response of P. antarctica (whether it is a
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Figure 3.8. The growth rate of the marine microalga, Phaeocystis antarctica as a percentage of
the control’s growth rate for measured metal mixture concentrations at a range of salinities (15,
25, 35, 45, and 55 ppt) over a 10-d test duration. (A) Mix1, (B) Mix1-Cu, (C) Mix2. Each data
point represents a replicate from an individual toxicity test; where orange-coloured points are
low metal concentrations, and black points are high metal concentrations.
synergistic or antagonistic effect) to metal mixtures at varying salinity cannot be definitely
concluded without further investigation. However, based on these previous studies, the apparent
trend of increasing toxicity with decreasing salinity in the Mix1-Cu treatments could be the
result of enhanced Cd, Pb or Zn binding in the absence of Cu, and the decreasing salinity
mirroring the trends observed in single Cd and Pb treatments. Indeed, 48-h Cu-Cd exposures
performed by Franklin et al. (2002) on the tropical freshwater alga, Chlorella sp. showed that
significantly more Cu and less Cd was found within and adsorbed to the outside of the cell, a
phenomenon also observed with Zn in Cu-Zn tests.
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3.3.2. Effect of metal mixtures on chlorophyll a fluorescence, cell size and internal cell
granularity
Mix1 high and Mix2 high treatments caused the greatest changes to cellular parameters;
however, the changes were less severe than those observed in single Cu, Cd and Pb treatments.
Comparison of the Mix1 low to Mix 2 low treatments showed no major changes in cellular
parameters (Appendix D, Figures D6, D8), indicating that certain thresholds in toxicity had not
yet been achieved. In examining the transition of Mix 1 high to Mix2 high (Figures 3.9, 3.10),
the changes in cellular parameters were similar, despite greater variability in the chlorophyll a
fluorescence in the Mix1 high treatment (Figure 3.9A). In single metal exposures, high Cd
(Figure 3.6A) and Pb (Figure 3.7A) increased the chlorophyll a fluorescence with decreased
salinity, whereas, Cu (Figure 3.5A) increased chlorophyll a fluorescence in all salinity
treatments. In examining the Mix1 low treatments, there was no change in chlorophyll a
fluorescence with decreasing salinity, despite similar concentrations of Pb in the single treatment
causing an increase of up to 40% at 15 ppt. Conversely, the Mix1 high treatment showed an
increase in chlorophyll a fluorescence (14% at 15 ppt). As Pb and Ni concentrations were kept
relatively constant between the single exposures and the Mix1 low exposures, the increase in Cu,
Cd and Zn concentrations would presumably be the cause of this change. The variability
observed in the Mix1 high treatment at 25 ppt can be partly explained by the large increases in
chlorophyll a fluorescence in single Cd and Pb treatments (58 and 29% of cells in 25 ppt,
respectively). This infers that competitive effects from other metals (Zn and Ni), which
displayed only slight changes to chlorophyll a fluorescence singly, may be alleviating metal
toxicity. Interestingly, there were less cells that had an increase in chlorophyll a fluorescence
(~20% of cells) in the Mix2 high treatment than in the Mix1 high treatment, despite the
concentrations being 1.5 times that of the Mix1 treatment. Furthermore, the higher
concentrations of Cu in the Mix1 high and Mix2 high treatments (5.9 µg Cu/L; 10% increase and
8.9 µg Cu/L; 4% increase, respectively) did not confer a similar level of enhanced chlorophyll a
fluorescence as in the single Cu treatment (4.9 µg Cu/L, 20% increase). Therefore, the presence
of other metals in the mixture treatments are reducing the toxic effects of Cu, Cd, and Pb to
chlorophyll a fluorescence in P. antarctica.
The Mix1-Cu treatment showed similar trends in cell size, internal granularity and
membrane permeability to the Mix1 treatment. However, there was a trend of increasing
chlorophyll a fluorescence with decreasing salinity in Mix1-Cu treatments (21% shift to R3
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region; Appendix D, Figure D7) relative to Mix1 treatments (7% shift to R3 region; Appendix
D, Figure D6). This study therefore shows that low Cu concentrations (1.7-3.3 µg Cu/L;
Appendix C, Table C1) may have a protective role against metal alterations to chlorophyll a
fluorescence, particularly as metal combinations with Cu are known to be antagonistic to growth
(Franklin et al. 2002). Overall, the reduced variation in chlorophyll a fluorescence in the metal
mixture treatments relative to the single metal treatments indicates that the effects of metals to
chlorophyll a fluorescence cannot predict these effects in metal mixtures.
There was a slight increase in cell size, internal granularity and membrane permeability with
decreasing salinity in the Mix1 high and Mix2 high treatments (Figure 3.9, 3.10). For P.
antarctica cell size, roughly 6-10% of cells in 15 and 25 ppt treatments shifted to the R3 region
for both mixtures (Figures 3.9B, 3.10B). However, these cell size increases are relatively
supressed compared to single treatments of Cd and Pb, where 43 and 32% of cells were enlarged
(Figures 3.6B, 3.7B). Cell size increases were also observed by Franklin et al. (2002) for
Chlorella sp., where binary mixtures of Cu + Cd, Cu + Zn, Cd + Zn, and Cu+Cd+Zn caused cell
size enlargement to approximately 50% of the population. For comparison to single metal
treatments, Cu had cell size increases for up to 51% of the population; Cd up to 27%; and Zn up
to 18%. Based on these observations, it is interesting to note that cell size in the metal mixtures
in the present study did not similarly increase in standard seawater (35 ppt), despite the
implementation of a wider concentration range and the use of a different algal species.
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Figure 3.9. The effect of Mix1 high metal mixtures (containing Cu, Cd, Pb, Zn, Ni) at varying
salinities on the cellular parameters on the marine microalga, Phaeocystis antarctica after a 10-d
exposure. Data represents the mean ± 1 SD of two (15, 25, and 35 ppt) and four (55 ppt)
individual toxicity tests. R1 = decrease in parameter relative to control cells, R2 = parameter the
same as the control cells, R3 = increase in parameter relative to control cells: (A) chlorophyll a
fluorescence, (B) cell size. Refer to Appendix C, Table C2 for metal concentrations.
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Figure 3.10. The effect of Mix2 high metal mixtures (containing Cu, Cd, Pb, Zn, Ni) at varying
salinities on the cellular parameters on the marine microalga, Phaeocystis antarctica after a 10-d
exposure. Data represents the mean ± 1 SD of two (15, 25, and 35 ppt) and four (55 ppt)
individual toxicity tests. R1 = decrease in parameter relative to control cells, R2 = parameter the
same as the control cells, R3 = increase in parameter relative to control cells: (A) chlorophyll a
fluorescence, (B) cell size. Refer to Appendix C, Table C4 for metal concentrations.
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3.4. General discussion, limitations and future research recommendations
This study provided information on the effect of metals (Cu, Cd, Pb, Zn, and Ni) and
changing salinity to P. antarctica. Changes to the population growth rate and cellular parameters
(chlorophyll a fluorescence, cell size, internal granularity, and membrane permeability) were
interpreted to investigate the potential modes of toxic action; however, neither the mechanisms
of metal toxicity, nor the cellular detoxification, can be elucidated from the results. General
mechanisms of metal toxicity have been proposed over the past few decades, especially with
regard to copper (Stauber and Florence, 1987; Samson et al. 1988; Visveki and Rachlin, 1992;
Stoiber et al. 2007); however, little research into metal toxicity has been performed on Antarctic
microalgae. Examining toxicity mechanisms in these organisms becomes further complicated by
their unique characteristics, such as slow metabolic rates, slow development times, and high
lipid content (King and Riddle, 2001; Chapman and Riddle, 2005).
Defence mechanisms of microalgae that regulate and detoxify metals inside and external to
the cell have been proposed, such as those by Dupont et al. (2004, 2005) and Levy et al (2008)
(Section 1.5). Nassiri et al. (1996) suggests that the general detoxification mechanism occurring
in algae for most toxic metals may occur in the following order: 1) contaminant sequestration in
vesicles; 2) formation of auxiliary cell walls for contaminants adsorption; 3) release of
contaminant-enriched material to the outer environment in the form of organic matter. However,
detoxification mechanisms have not been proven in Antarctic microalgae.
The methods utilised in this study were not designed to investigate which toxicity mechanisms
or means of detoxification were used by P. antarctica. While flow cytometry is extremely useful
for capturing multiple cellular parameters, other techniques are required to examine intracellular
and extracellular changes in response to metal toxicity and salinity effects, such as electron
microscopy, electron spectroscopic imaging or radiotracers (Visviki and Rachlin, 1994; Soldo et
al. 2005). The data collected from this study for single metal- and metal mixture toxicity can
inform future research as to the metals most likely to be toxic to P. antarctica under varying
salinity.
The metal concentrations used for chronic toxicity data are based on EC10/EC50 values for
specific-species. One of the limitations in this study was that the metal concentrations did not
match the EC10 concentrations derived for P. antarctica by Gissi et al. (2015) for the metals Cu,
Cd, Pb, Zn, and Ni. This makes comparing metals on a toxicity basis more difficult, as it means
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metal toxicity could not be ranked in order of most toxic to least toxic. This becomes further
complicated when metals have different speciation schemes under varying salinity. Instead, the
metal concentrations in this study were used to provoke a definitive algal response beyond the
EC10 threshold and to simulate metal fluxes with varying salinity that may occur at
contaminated sites during the summer. As the previous toxicity data by Gissi et al. (2015) could
only be used to fit concentration-response curves for each metal at standard seawater (35 ppt)
(Figure 3.4), statistical analysis of metal toxicity data using a Two-Factor ANOVA and Tukey’s
HSD test with R would be useful to investigate the statistical difference between treatments at
different salinities and of varying metal concentrations.
Contaminant toxicity can be influenced by site specific factors including: background
concentrations, dissolved organic species, ionic interactions and salinity, and the presence of pHspecific metal species (ANZECC/ARMCANZ, 2000).

The experiments in this study were

performed under controlled laboratory conditions, and as such there were many elements that
could not be incorporated into toxicity bioassays for P. antarctica. These include localised
oceanic variations such as halo- and thermo-stratification, dissolved organic carbon, Fe fluxes,
and nutrient upwellings. Furthermore, the variability in the pH of Antarctic seawater is greatly
minimised by dilution and its high buffering capacity; relevant factors to the study given the
small volume of seawater in bioassay flasks. In addition, the high salinity treatments did not
account for increases in specific ionic activity with increased ionic strength. This would increase
the formation of ion pairs in seawater (e.g. NaCO3- or CaSO4); reducing the formation of metalion species and increasing the bioavailability of metals (Langmuir, 1997; Warren and Haack,
2001). Ionic activity models that integrate corrections for the activity coefficients of ions are
recommended for future studies. Equilibrium models, such as the Windermere Humic Aqueous
Model (WHAM), would be helpful for investigating the extent to which inorganic complexation,
such as with chloride and carbonate ions, and organic complexation of metals, such as with
humic acids, occurs in seawater at extremely low temperatures (Lofts and Tipping, 2011).
The hazards and risks that are posed to endemic species in an ecosystem must have regionspecific assessments, and contain extensive information on remediation protocols and sediment
and water quality guidelines (ANZECC/ARMCANZ, 2000). P. antarctica is one of the most
prevalent species of phytoplankton in Antarctic waters, however it is only one component of a
larger ecological community. In order to establish water-quality guidelines in Antarctica,
toxicity testing protocols should ideally be applied to multiple relevant organisms, including
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copepods, bivalves, amphipods and other phytoplankton species. Future studies should also
investigate metal toxicity with changing salinity to Antarctic marine microalgae from different
taxonomic groups, such as C. armigera, and diatom species, such as Odontella weissflogii,
Porosira glacialis and Thalassiosira antarctica. This would provide valuable information on
how metal contamination could affect ecological community compositions in contaminated
marine areas. The concerns most relevant to this study were: 1) summer ice melting mobilising
metal contaminants from abandoned legacy tips and waste sites, resulting in metal entrainment
into the near-shore and coastal environments; and 2) localised dilution of seawater decreasing
the solubility of metal complexes in the water and sediments, enhancing their bioavailability to
marine organisms, such as P. antarctica. The findings of this study can be used to inform
environmental risk management for contaminated site remediation in Antarctica, which is still in
progress to date.
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4. Conclusion
This was the first study to examine the influence of salinity on metal toxicity to the marine
microalga, P. antarctica. The first objective was to establish whether variations in salinity had
an adverse effect on the alga, including the growth rate and cellular parameters, such as
chlorophyll a fluorescence, cell size, internal granularity and membrane permeability, using flow
cytometry measured over a 10-day period. The second- and third objectives were to determine
the salinity at which metals (single and mixtures) resulted in the greatest toxic effect to P.
antarctica.
Toxicity testing based on variations in salinity found that P. antarctica had a tolerance range
to salinities 25-35 ppt. Growth rate declined more rapidly at lower salinities than higher
salinities, and no cell growth occurred at salinities of 10 and 68 ppt. This is thought to be the
result of excessive osmotic turgor pressure in hyposaline seawater, and vice versa in hypersaline
seawater.
It was hypothesised, based on metal speciation schemes in freshwater and seawater, that Cd
and Pb would be the metals most influenced by changing salinities, followed by Zn and
Ni. Copper is known to be dominated by carbonate complexation, so that variations in pH would
have a greater effect on copper toxicity than salinity. Copper was the most toxic metal
irrespective of salinity, while Pb and Cd displayed greater toxicity at lower salinities. The high
growth rate inhibition of Pb and Cd treatments indicates that these metals are more soluble, and
hence, more bioavailable to P. antarctica at lower salinities. Zinc toxicity was unaffected by
changing salinity, and Ni displayed no toxicity at the concentrations tested; a similar result to
that observed by Gissi et al. (2015).
Metal mixture toxicity was explored in this study as metal contaminants are rarely found in
isolation in the environment. Metal mixtures produced no clear trends between salinity and
growth inhibition to P. antarctica, unlike single Pb and Cd treatments. Similarly, changes to
cellular parameters, such as chlorophyll a fluorescence, cell size, internal granularity and
membrane permeability, were less severe than single Cd and Pb exposures. This indicates that
single metal toxicity is not predictive of metal mixture toxicity. Future studies should investigate
the intracellular modes of toxic action at cellular sites with metals singly and as metal mixtures,
and examine whether metal mixture effects in P. antarctica are truly antagonistic in reducing
toxicity.
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Appendix A – Composition and preparation of GSe medium
Table A1. The ingredients used for the preparation of the GSe/5 medium for the culturing of
Phaeocystis antarctica. This is a modification of G. P. medium (Loeblich 1975), taken from
Blackburn et al. (2001). All stock solutions are stored at 4 ºC. In the medium GSe –selenium is
added as an important trace metal (chelator).
Stock Solutions

Volume

1. NaNO3 (10% w/v)

40 µL

2. K2HPO4 (3.5% w/v)

20 µL

3. Vitamins

20 µL

(Vitamin B12, Biotin)
4. PII Metal Mix

200 µL

Na2EDTA

(0.6 % w/v)

FeCl3.6H2O

(0.029 % w/v)

H3BO3

(0.685 % w/v)

MnCl2.4H2O

(0.086 % w/v)

ZnCl2

(0.006 % w/v)

CoCl2.6H2O

(0.0026 % w/v)

5. Soil Extract

100 µL

6. GSe medium

20 µL

Preparation of GSe/5 media
To make 100 mL of GSe/5 media, add 75 mL of 0.45µm filtered seawater and 25 mL of pyrogen
filtered deionised water to a 250 mL Erlenmeyer flask. Add the volumes of NaNO3, vitamins,
PII Metal Mix, Soil Extract and GSe medium (see Table A1). Autoclave the flask at 125.9 ºC at
150 KPa for 15 minutes. Add aseptically K2HPO4 to the medium.
Note: The dilution of standard seawater (~35 ppt) to make the media means the resulting media
salinity is ~28 ppt.
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Appendix B – Gating histogram plots using BD FACSVerse™ software

A

C

B

D

E

Figure B1. Histogram plots quantify changes in cellular parameters of Phaeocystis antarctica
based on fluorescence and light scattering properties. Cells were divided into three distinct
regions (R1, R2, R3), where R2 was set to capture at least 95% of healthy control cells. A shift
to the right (into R3) indicated an increase in the parameter; a shift to the left (into R1) indicated
a decrease in the parameter. The following parameters were detected: A) all cell events
(contained within the circle), B) membrane permeability (FLB1, green 527 nm), C) cell size
(FSC), D) internal granularity (SSC), and E) chlorophyll a fluorescence (FLB3, red 700 nm).
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Appendix C – Measured metal concentrations and growth rate inhibition for
single metal treatments, and metal mixture (Mix1, Mix1-Cu, Mix2)
treatments.
Table C1. Toxicity of single metal exposures to the marine microalga, Phaeocystis antarctica
measured as 10-d inhibition in population growth rate as a percentage of the control growth rate.
Data presented is for salinities 15, 25, 35, 45, and 55 ppt combined. Metal concentrations
calculated as the average concentration of dissolved metals (0.45µm) at the beginning and the
end of each bioassay combined.
Salinity
(ppt)

Range
(μg/L)

Average metal
concentration
(μg/L)

Average growth
rate (% of
control)

Number of
replicates
(N)

Low

35
45

1.4 – 2.8
–

2.3
3.0

95 ± 8
96

9
1

High

15
25
35
55
15
25
35
45
55

4.8 – 5.3
5.1 – 5.4
4.0 – 5.9
5.3 – 6.2
18.4 – 18.9
19.4 – 20.1
149 – 310
20.9 – 145
20.2 – 20.5

5.1
5.2
4.9
5.7
18.6
19.8
219
52
20.4

62 ± 11
69 ± 11
64 ± 10
65 ± 9
91 ± 17
90 ± 4
91 ± 13
93 ± 6
89 ± 15

2
2
13
4
3
3
7
4
3

15
25
35
55
15
20
25
35
45
55
15
25
35
45
55

2780 – 2787
2489 – 2504
2711 – 2746
2662 – 3018
266 – 367
–
266 – 317
173 – 344
–
199 – 236
388 – 429
389 – 401
396 – 445
386 – 409
403 – 412

2784
2496
2729
2847
321
293
299
257
230
221
414
394
429
399
408

0
52 ± 7
28 ± 1
54 ± 3
13 ± 18
40
79 ± 9
75 ± 10
83
110 ± 4
80 ± 6
81 ± 7
76 ± 8
78 ± 5
88 ± 2

2
2
2
4
4
1
3
9
1
4
3
3
4
4
3

15
25
35
55
15
25
35
45
55

875 – 876
889 – 891
792 – 910
807 – 865
1035 – 1048
995 – 1009
980 – 1036
986 – 1035
994 – 1036

876
890
863
840
1041
1002
1011
1021
1020

73 ± 9
66 ± 2
53 ± 6
60 ± 24
93 ± 11
94 ± 3
100 ± 5
61 ± 5
103 ± 13

2
2
5
4
2
2
6
4
4

Metal / Treatment
Copper

Cadmium

Low

High

Lead

Zinc

Low

High

Nickel

86

Table C2. Toxicity of metal mixture (Mix1) exposures to the marine microalga, Phaeocystis
antarctica measured as 10-d inhibition in population growth rate as a percentage of the control
growth rate. Data presented is for salinities 15, 25, 35, 45, and 55 ppt combined. Metal
concentrations calculated as the average concentration of dissolved metals (0.45µm) at the
beginning and the end of each bioassay combined.
Salinity
(ppt)

Range
(μg/L)

Average metal
concentration
(μg/L)

Low

15
25
35
45
55

2.4 – 2.6
2.6 – 2.8
1.7 – 2.3
2.3 – 3.3
2.5 – 2.8

2.5
2.7
2
2.9
2.6

Average
growth rate
(% of
control)
68 ± 1
73.6 ± 0.4
61.5 ± 9.5
62.5 ± 7.4
59.5 ± 19

High

15
25
35
55
15
25
35
45
55

5.7 – 6.0
5.9 – 6.0
5.2 – 6.2
6 – 6.4
20.7 – 21.6
21.6 – 22.2
151 – 154
23.4 – 148
21.2 – 22.1

5.9
6.0
5.7
6.2
21.2
21.9
153.2
54.6
21.6

51 ± 7
41 ± 9
38.2 ± 1
54.7 ± 5
68 ± 1
73.6 ± 0.4
62 ± 10
63 ± 7
60 ± 19

2
2
2
4
3
3
4
4
3

15
25
35
55
15
25
35
45
55
15
25
35
45
55

2525 – 2585
2529 – 2544
2427 – 2455
2762 – 3062
302 – 303
268 – 274
175 – 255
233 – 252
235 – 251
397 – 431
425 – 440
410 – 449
391 – 423
416 – 434

2555
2536
2441
2921
302
271
213
245
244
419
433
438
414
424

51 ± 7
41 ± 9
38 ± 1
55 ± 5
51 ± 7
41 ± 9
54 ± 14
63 ± 7
56 ± 13
68 ± 1
74 ± 0.4
61 ± 10
63 ± 7
59 ± 19

2
2
2
4
3
3
4
4
3
3
3
4
4
3

15
25
35
55
15
25
35
45
55

867 – 894
863 – 866
785 – 817
742 – 775
469 – 477
457 – 458
446 – 477
466 – 487
450 – 480

880
864
801
765
473
457
459
480
465

51 ± 7
41 ± 9
38 ± 1
55 ± 5
51 ± 7
41 ± 9
54 ± 14
63 ± 7
56 ± 13

2
2
2
4
3
3
4
4
3

Metal / Treatment
Copper

Cadmium

Low

High

Lead

Zinc

Low

High

Nickel

Number of
replicates
(N)
3
3
4
4
3
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Table C3. Toxicity of metal mixture (Mix1-Cu) exposures to the marine microalga, Phaeocystis
antarctica measured as 10-d inhibition in population growth rate as a percentage of the control
growth rate. Data presented is for salinities 15, 25, 35, 45, and 55 ppt combined. Metal
concentrations calculated as the average concentration of dissolved metals (0.45µm) at the
beginning and the end of each bioassay combined.

Metal / Treatment
Cd

Low

High
Lead

Zinc

Low

High
Nickel

Salinity
(ppt)

Range
(μg/L)

Average metal
concentration
(μg/L)

Average
growth rate
(% of
control)

Number of
replicates
(N)

15

19.6 – 19.8

19.7

54 ± 6

3

25

19.8 – 19.9

19.8

58 ± 7

3

45

20.7 – 20.8

20.8

71 ± 3

3

55

20.0 – 20.2

20.1

76 ± 3

3

55

2658 – 2993

2820

58 ± 10

4

15

288 – 306

299

54 ± 6

3

25

262 – 266

263

58 ± 7

3

45

232 – 252

240

71 ± 3

3

55

254 – 257

256

76 ± 3

3

55

228 – 237

233

58 ± 10

4

15

398 – 411

405

54 ± 6

3

25

381 – 394

389

58 ± 7

3

45

354 – 388

370

71 ± 3

3

55

390 – 404

397

76 ± 3

3

55

708 – 745

722

58 ± 10

4

15

428 – 433

431

54 ± 6

3

25

449 – 452

451

58 ± 7

3

45

462 – 473

467

71 ± 3

3

55

449 – 452

450

76 ± 3

3

55

460 – 469

465

58 ± 10

4
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Table C4. Toxicity of metal mixture (Mix2) exposures to the marine microalga, Phaeocystis
antarctica measured as 10-d inhibition in population growth rate as a percentage of the control
growth rate. Data presented is for salinities 15, 25, 35, 45, and 55 ppt combined. Metal
concentrations calculated as the average concentration of dissolved metals (0.45µm) at the
beginning and the end of each bioassay combined.
Salinity
(ppt)

Range
(μg/L)

Average metal
concentration
(μg/L)

Average
growth rate
(% of
control)

Number of
replicates
(N)

Low

15
25
35
45
55

3.4 – 3.8
4.1 – 4.5
–
3.8 – 4.7
4.1 – 4.4

3.6
4.3
3.6
4.4
4.3

55 ± 3
62 ± 1
69
49 ± 2
131 ± 9

3
3
1
4
3

High

15
25
35
55
15
25
45
55

8.7 – 9.1
8.9
8.6 – 8.8
9.1 – 9.5
29.9 – 30.2
31.7 – 32.5
33.2 – 222
31.6 – 32.0

8.9
8.9
8.7
9.3
30.1
32.2
81
32

55 ± 3
50 ± 2
36 ± 6
23 ± 8
55 ± 3
62 ± 1
49 ± 2
131 ± 9

2
2
2
4
3
3
1
4

15
25
35
55
15
25
35
45
55
15
25
35
45
55

3854 – 3883
3632 – 3674
3538 – 3575
3712 – 4272
445 – 476
366 – 414
352 – 395
347 – 365
365 – 393
607 – 616
587 – 604
–
594 – 611
582 – 597

3869
3653
3556
3982
465
390
378
353
379
612
597
596
605
591

55 ± 3
50 ± 2
36 ± 6
23 ± 8
55 ± 3
57 ± 6
47 ± 20
49 ± 2
70 ± 58
55 ± 3
62 ± 1
69
49 ± 2
132 ± 9

2
2
2
4
5
5
3
4
7
3
3
1
4
3

15
25
35
55
15
25
35
45

1311 – 1313
1259 – 1267
1235 – 1264
1364 – 1425
648 – 726
669 – 700
678 – 714
689 – 724

1312
1263
1249.4
1390.5
679
686
692
711

55 ± 3
50 ± 2
36 ± 6
23 ± 8
55 ± 3
57 ± 6
47 ± 20
49 ± 2

2
2
2
4
5
5
3
4

Metal / Treatment
Copper

Cadmium

Low

High

Lead

Zinc

Low

High

Nickel
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Appendix D – Additional changes to cellular parameters in P. antarctica
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Figure D1. The effect of variations in salinity to (A) chlorophyll a fluorescence, (B) internal
granularity, and (C) membrane permeability on the marine microalga, Phaeocystis antarctica
after a 10-d exposure. Data represents the mean ± 1 SD of three (15, 25, 45 ppt), four (35 ppt),
and seven (55 ppt) individual toxicity tests. R1 = decreased in cell size relative to control cells,
R2 = unchanged cell size relative to control cells, R3 = increased cell size relative to control
cells.
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Figure D2. The effect of low Cd concentrations (18 – 310 µg/L) at varying salinities on cellular
parameters on the marine microalga, Phaeocystis antarctica after a 10-d exposure. Data
represents the mean ± 1 SD of three individual toxicity tests at each salinity. R1 = decrease in
parameter relative to control cells, R2 = parameter the same as the control cells, R3 = increase in
parameter relative to control cells. (A) chlorophyll a fluorescence, (B) cell size, (C) internal
granularity, (D) membrane permeability.
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Figure D3. The effect of low Zn concentrations (386 – 445 µg/L) at varying salinities on cellular
parameters on the marine microalga, Phaeocystis antarctica after a 10-d exposure. Data
represents the mean ± 1 SD of three individual toxicity tests at each salinity. R1 = decrease in
parameter relative to control cells, R2 = parameter the same as the control cells, R3 = increase in
parameter relative to control cells. (A) chlorophyll a fluorescence, (B) cell size, (C) internal
granularity, (D) membrane permeability.
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Figure D4. The effect of high Zn concentrations (792 – 910 µg/L) at varying salinities on
cellular parameters on the marine microalga, Phaeocystis antarctica after a 10-d exposure. Data
represents the mean ± 1 SD of two (15, 25, and 35 ppt) and four (55 ppt) individual toxicity
tests. R1 = decrease in parameter relative to control cells, R2 = parameter the same as the control
cells, R3 = increase in parameter relative to control cells. (A) chlorophyll a fluorescence, (B) cell
size, (C) internal granularity, (D) membrane permeability.
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Figure D5. The effect of Ni concentrations (980 – 1048 µg/L) at varying salinities on cellular
parameters on the marine microalga, Phaeocystis antarctica after a 10-d exposure. Data
represents the mean ± 1 SD of two (15, 25, and 35 ppt), three (45 ppt) and four (55 ppt)
individual toxicity tests. R1 = decrease in parameter relative to control cells, R2 = parameter the
same as the control cells, R3 = increase in parameter relative to control cells. (A) chlorophyll a
fluorescence, (B) cell size, (C) internal granularity, (D) membrane permeability.
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Figure D6. The effect of low Mix1 concentrations (containing Cu, Cd, Pb, Zn, Ni) at varying
salinities on cellular parameters on the marine microalga, Phaeocystis antarctica after a 10-d
exposure. Data represents the mean ± 1 SD of three individual toxicity tests at each salinity. R1
= decrease in parameter relative to control cells, R2 = parameter the same as the control cells, R3
= increase in parameter relative to control cells. (A) chlorophyll a fluorescence, (B) cell size, (C)
internal granularity, (D) membrane permeability. Refer to Appendix C, Table C2 for metal
concentrations.
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Figure D7. The effect of Mix1-Cu metal mixtures (containing Cd, Pb, Zn, Ni) at varying
salinities on cellular parameters in Phaeocystis antarctica after a 10-d exposure. Low and high
metal concentrations were used in two 55 ppt treatments. Data represents the mean ± 1 SD of
three individual toxicity tests at each salinity. R1 = decrease in parameter relative to control
cells, R2 = parameter the same as the control cells, R3 = increase in parameter relative to control
cells. (A) chlorophyll a fluorescence, (B) cell size, (C) internal granularity, (D) membrane
permeability. Refer to Appendix C, Table C3 for metal concentrations.
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Figure D8. The effect of low Mix2 concentrations (containing Cu, Cd, Pb, Zn, Ni) at varying
salinities on cellular parameters on the marine microalga, Phaeocystis antarctica after a 10-d
exposure. Data represents the mean ± 1 SD of three (15, 25 ppt), one (45 ppt) and four (55 ppt)
individual toxicity tests at each salinity. R1 = decrease in parameter relative to control cells, R2
= parameter the same as the control cells, R3 = increase in parameter relative to control cells.
(A) chlorophyll a fluorescence, (B) cell size, (C) internal granularity, (D) membrane
permeability. Refer to Appendix C, Table C4 for metal concentrations.
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